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ABSTRACT OF DISSERTATION

RNA INTERFERENCE FOR EMERALD ASH BORER SUPPRESSION:
ECOTOXICOLOGICAL ASSESSMENT AND DELIVERY METHODS
The emerald ash borer (EAB), Agrilus planipennis (Coleoptera: Buprestidae), is a
highly invasive phloem-feeding insect native to Asia. It has killed millions of ash trees
(Fraxinus spp.) since its accidental introduction into North America, causing profound
economic and ecological impacts. RNA interference (RNAi) or double-stranded RNA
(dsRNA)-mediated gene silencing is an emerging biotechnology that is developing as an
innovative tool for pest management. Exogenous dsRNA triggers the RNAi pathway,
silences genes, and disrupts protein function, causing insect mortality. RNAi has proven
effective in reducing target gene expression and causing mortality in EAB; however, two
aspects stand as barriers to the deployment of RNAi as a viable pest management approach:
its specificity and practical delivery.
I based my work in Chapter 2 on the Environmental Protection Agency risk
assessment framework for genetically engineered crops. I designed feeding bioassays
followed by gene expression studies to evaluate the spectrum of activity of dsRNAs
targeting the EAB genes hsp, shi and sn-rnp in model insects representing five feeding
guilds including herbivore, predator, detritivore, pollinator, and parasitoid; the last
represented by the classical biological control agents currently deployed for EAB
management in North America. Bioassays demonstrated no lethal effects on the model
insects, suggesting a narrow spectrum of activity for the three EAB-specific dsRNAs
evaluated. The gene expression analyses suggest potential sublethal effects on the model
pollinator; however, I found no effects on insect survival.
In Chapter 3, I evaluated dsRNA delivery using fluorescently tagged dsRNA and
confocal microscopy to provide a proof of concept of uptake, movement, and bioactivity
of dsRNA in green, F. pennsylvanica, and tropical ash, F. uhdei, through root and/or petiole
absorption. Chapter 4 describes my greenhouse study exposing 2-years old green ash
seedlings to dsRNAs as a foliar spray; I demonstrate in planta spread and persistence of
topically applied dsRNA up to 21 days with an accompanying reduction in EAB target
gene expression and reduced EAB gallery areas, demonstrating insecticidal activity of
dsRNA applied as a foliar spray. In Chapter 5, I describe a parallel study using a root soak
application; uptake, translocation, and persistence is demonstrated for up to 30 days, but
no bioassays were conducted. Overall, my data demonstrate the high specificity of dsRNAs
designed to suppress EAB and provide proof of concept of topical application feasibility
to deliver dsRNA to EAB through the host plant.
KEYWORDS: RNA interference, gene silencing, Agrilus planipennis, specificity,
dsRNA delivery, forest pest management.
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CHAPTER 1. INTRODUCTION
Emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae)
is an exotic phloem-feeding beetle native to northeastern Asia including China, Japan,
Korea, Mongolia, Russia, and Taiwan (Orlova-Bienkowskaja and Volkovitsh 2018). The
insect was accidentally introduced into North America through infested solid wood packing
material (Cappaert et al. 2005, Poland and McCullough 2006). It was first detected in 2002
in Detroit, Michigan, and in Ontario, Canada (Haack et al. 2002), but it is believed that its
introduction had occurred in the middle 1990’s (Siegert et al. 2014). Since its introduction,
EAB has killed millions of ash trees (Fraxinus spp.) throughout its invaded range in North
America.
Female beetles oviposit on ash bark, and neonate EAB larvae bore through the outer
bark to feed on the phloem, excavating serpentine galleries and destroying the cambial
tissue before pupation and adult emergence. Larval feeding compromises translocation of
water and nutrients. Initial signs of infestation include crown thinning and dieback,
epicormic shoots, woodpecker damage, bark splits, and D-shaped exit holes made by adult
insects upon emergence (Haack et al. 2002). Infested ash die 2-4 years after showing the
first signs of EAB infestation (Herms and McCullough 2014).
In its natural range, EAB colonizes ash trees that are weakened by biotic or abiotic
stresses or that are dying (Herms and McCullough 2014), and it is not considered a major
pest (Poland and McCullough 2006). Its native Asian hosts include F. chinensis, F.
mandshurica, F. rhynchophylla, F. japonica, and F. lanuginose (Valenta et al. 2017), and
due to their coevolutionary history with EAB these species are resistant to the insect
(Whitehil 2011). However, ash species in North America are highly susceptible and even
1

healthy trees can be colonized by EAB (Poland and McCullough 2006). Green ash (F.
pennsylvanica), white ash (F. americana), and black ash (F. nigra) are most preferred (Liu
2003), whereas blue ash (F. quadrangulata) shows some putative resistance (Tanis and
McCullough 2012). More recently EAB has also been shown to complete its life cycle in
a non-ash host, white fringetree, Chionanthus virginicus L. (Oleaceae) (Cipollini 2015,
Cipollini and Rigsby 2015, Olson and Rieske 2018). Currently EAB has been reported in
36 U.S. states and 5 Canadian provinces (USDA APHIS 2022), and it has the potential to
spread throughout North America (Kent et al. 2010).
Ash are important timber species and its wood is utilized for furniture, musical
instruments, and sports equipment (Stewart and Krajicek 1973). Ash are also commonly
planted in urban areas and as street trees (Kovacs et al. 2010). The costs associated with
the treatment and removal of ash trees infested by EAB in urban and residential areas is
estimated in billions of dollars (Kovacs et al. 2011), and an economic analysis indicates
that this insect is the costliest forest pest to invade the United States (Aukema et al. 2011).
In addition to the economic impacts there are inestimable ecological and cultural impacts
associated with the loss of ash caused by EAB. Ash sustain > 280 arthropod species, 44 of
which are ash specialists (Gandhi and Herms 2010), and black ash, F. nigra, plays an
important cultural role for indigenous North Americans (Reo 2009).
Since the discovery of EAB in the US, a tremendous amount of resources have been
dedicated to mitigating its invasion. Both classical biological control and insecticidal
control have been employed to manage EAB.
Classical biological control consists of the use of natural enemies from the native
range for pest management (Valenta et al. 2017) and four hymenopteran parasitoids native
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to Asia, Oobius agrili, Spathius agrili, S. galinae, and Tetrastichus planipennisi, have been
approved by USDA for mass rearing and for release as biological control agents targeting
EAB (USDA APHIS,). Bauer et al. 2015, suggest that natural enemy releases have
potential to contribute to the management of EAB infestations, but establishment of the
parasitoids is a critical step, and the effects of the biocontrol agents on EAB population
growth may take several years to become evident (Duan et al. 2018).
Systemic insecticides for ash tree protection have been studied and products can be
applied as soil drenches or trunk injections. Emamectin benzoate can protect trees for 3+
years (Herms et al. 2009, McCullough 2020). Although effective, chemical insecticides do
not provide a practical approach for use in forests since the trees must be treated
individually (Herms et al. 2009). Chemical insecticides may also affect non-target and
beneficial species. In this context RNA interference or RNAi is emerging as a next
generation of pest control method as this technology may offer an option for a targetspecific approach for EAB management (Rodrigues et al. 2017b).
Gene silencing through RNA interference (RNAi) is a cellular regulatory
mechanism that limits the expression of target genes. It is an ancient process and as the
oldest antiviral system, appeared before the divergence of plants and animals (Sharp 2001).
RNAi was first reported in plants, but later this mechanism was described in almost all
eukaryotic organisms, including protozoa, nematodes, insects, parasites and mammalian
cells (Agrawal et al. 2003). The RNAi pathway is triggered by the introduction of double
stranded RNA (dsRNA), that is processed by the enzyme Dicer into small interference
RNA (siRNA) containing between 21 to 23 nucleotides. The siRNA is loaded into a protein
complex named RISC (RNA-induced silencing complex) which will guide this complex to
3

their complementary sequence in the messenger RNA (mRNA), that will be cleaved,
preventing the translation of the gene, thus causing its silencing (Agrawal et al. 2003,
Meister and Tuschl 2004). For dsRNA to successfully cause gene silencing, the target
organism must possess the cellular machinery needed to process dsRNA and lead to mRNA
degradation. The machinery includes the enzymes Dicer-2 and Argonaute-2, and the RNAbinding protein R2D2 (Swevers et al. 2013).
RNA mediated gene silencing is emerging as a next generation pest control
strategy, and several studies have demonstrated RNAi efficacy in crop systems targeting
both pathogens (Brosnan et al. 2021, Koch et al. 2016) and insects (Mamta and Rajam
2017, Baum et al. 2007, Rodrigues et al. 2021). Beyond its application in crops, RNAi
technology has shown efficacy against the emerald ash borer (Zhao et al. 2015, Rodrigues
et al. 2018), as well as other forest pests such as the southern and mountain pine beetles
(Dendroctonus frontalis and D. ponderosae) (Kyre et al. 2019, Kyre et al. 2020, Kyre and
Rieske 2022) and the Asian longhorned beetle (Anoplophora glabripennis) (Rodrigues et
al. 2017a, Dhandapani et al. 2020).
Previous studies evaluating the susceptibility of EAB to RNAi (Zhao et al. 2015)
and the effectiveness of this technology against this insect shows promise (Rodrigues et al.
2017b, Rodrigues et al. 2018), and suggest that RNAi can be a viable option when
implemented as a component of an integrated management strategy for EAB. Both larvae
and adult are sensitive to ingested dsRNA (Rodrigues et al. 2018, Leelesh and Rieske 2020,
Pampolini et al. 2020), and suitable target genes for RNAi in EAB have been identified
(Rodrigues et al. 2017b, Rodrigues et al. 2018). Thus, this technology represents a potential
method for EAB management.
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Building on findings demonstrating the efficacy of RNAi in EAB, my research
addresses two aspects that stand as barriers to the deployment of RNAi as a viable pest
management approach: its specificity and practical delivery.
In Chapter 2, I based my work on the Environmental Protection Agency risk
assessment framework for genetically engineered crops to evaluate the effects of EABspecific dsRNAs (dsHSP, dsSHI, ds-snRNP) in non-target insects representing five feeding
guilds, including herbivore (Leptinotarsa decemlineata), predator (Coleomegilla
maculata), detritivore (Reticulitermes flavipes), pollinator (Apis mellifera), and parasitoid
(Tetrastichus planipennisi, and Spathius galinae); bioassays demonstrated no lethal effects
on the model insects, suggesting a narrow spectrum of activity for the three EAB-specific
dsRNAs evaluated. The gene expression analyses suggest potential sublethal effects on the
model pollinator; however, I found no effects on insect survival.
In Chapter 3, I evaluate delivery mechanisms of topically applied dsRNA. Confocal
imaging was used to provide a proof of concept of uptake, movement, and bioactivity of
labeled dsRNA in green, F. pennsylvanica, and tropical ash, F. uhdei, through root and/or
petiole absorption, and also to demonstrate dsRNA absorption through the EAB egg
chorion. Labeled dsRNAs are detectable in root, stem, and leaf tissues 48 h postapplication. In excised ash branches, labeled dsRNA is detectable in the inner bark and in
recovered EAB neonates 8 d post-application. Eggs and larvae emerging from treated eggs
also presented fluorescing dsRNA under confocal imaging. Finally, my bioassay
demonstrates significant gene silencing and mortality in adult EAB after exposure to
tropical ash leaves treated with EAB-specific dsSHI through petiole absorption.
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In Chapter 4, I describe a greenhouse study exposing green ash seedlings to
dsRNAs as a foliar spray, providing foundational knowledge of in planta systemic
movement and long-lasting effects of topically applied dsRNA up to 21 days in all tissue
types evaluated, including root, woody-stem, soft-stem and leaf. Additionally, gene
expression studies and assessment of EAB gallery areas demonstrated the insecticidal
activity of the topically applied dsRNA.
To investigate additional delivery methods, in Chapter 5 a root soak was used to
evaluate systemic distribution and retention of topically applied dsRNA, resulting in
detection of dsRNA up to 30 days in all tissue types evaluated, confirming the systemic
movement of the exogenously applied molecule.
In Chapter 6, I synthesize my findings and discuss future directions in moving
RNAi technology towards deployment. Collectively my results: a) suggest no adverse
effects of the RNAi strategy targeting EAB genes on the survival of the selected non-target
organisms evaluated; b) provide foundational proof of concept for delivery of RNAi to the
target insect through the host plant, suggesting the feasibility of RNAi functioning as a
sustainable approach for tree protection against EAB.
Each Chapter represents an independent study that was either published or submitted
for publication; thus, there is some redundancy in the Chapters' Introductions.
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CHAPTER 2. EMERALD ASH BORER SPECIFIC GENE SILENCING HAS NO
EFFECT ON NON-TARGET ORGANISMS
Chapter published in Pampolini F and Rieske LK. (2020). Emerald ash borer specific gene
silencing has no effect on non-target organisms. Frontiers in Agronomy. DOI:
10.3389/fagro.2020.608827

2.1

SUMMARY
The sequence complementarity of the RNA interference (RNAi) pathway allows for

targeted suppression of genes essential for insect survival and enables development of pest
management strategies specific to a given species while reducing the likelihood of
adversely impacting non-target organisms (NTOs). The feasibility of manipulating the
RNAi pathway to cause mortality in the highly invasive emerald ash borer (EAB) has been
demonstrated. Here the spectrum of activity of three double stranded RNAs (dsRNAs)
targeting the genes hsp, shi and sn-rnp in EAB was evaluated in surrogate species
representing five feeding guilds including herbivore, predator, detritivore, pollinator,
parasitoid; the last represented by the classical biological control agents currently deployed
for EAB management in North America. All NTOs were exposed to EAB-specific dsRNAs
in diet bioassays that measured potential lethal effects. Gene expression and in silico
analysis were also assessed on NTOs for which gene sequences were publicly available.
Bioassays demonstrated no lethal effects on the tested insects, suggesting a narrow
spectrum of activity for the three EAB-specific dsRNAs evaluated. The gene expression
and in silico analyses suggest potential sublethal effects on the pollinator; however, I found
no effects on insect survival. Overall, my results suggest no adverse effects of the RNAi
strategy targeting EAB genes on the survival of the selected non-target organisms
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evaluated. The results from this study provide guidance for future RNAi risk analyses that
will allow this technology to move forward to a deployment stage.

2.2

INTRODUCTION
RNA interference (RNAi) is a molecular mechanism triggered by the introduction

of double-stranded RNA (dsRNA) designed to induce gene knock-down; it is a promising
technology with powerful potential for insect pest control. The RNAi pathway disrupts
target genes and can lead to insect mortality when essential genes are silenced and
subsequent protein synthesis is interrupted (Huvenne and Smagghe 2010, Zhang et al.
2017). The RNAi pathway involves the complementarity of ≥ 21 base pair sequences to
the target genes in a given species or closely related species (Agrawal et al. 2003, Bachman
et al. 2016). This specificity minimizes any detrimental effects of an RNAi strategy to nontarget organisms (NTOs).
Implementation of crop protection strategies applying RNAi technology are under
development (Poelchau et al. 2016, Vogel et al. 2019). Potential applications of
environmental or dietary RNAi for pest control include applications of dsRNA in foliar
sprays (San Miguel and Scott 2016); systemic uptake through plant material (Hunter et al.
2012, Dalakouras et al. 2018, Pampolini et al. 2020), oral administration of dsRNA in baits
(Zhou et al. 2008), embedded in nanoparticles (Zhang et al. 2010, Yan et al. 2020),
expressed in genetically engineered microorganisms (Zhu et al. 2011, Joga et al. 2016) or
expressed in transgenic plants (Baum et al. 2007, Mao et al. 2007, Ghag 2017, Zhang et al.
2017).
In addition to its application for agricultural purposes, RNAi technology has been
investigated in forest pests including the southern pine beetle, Dendroctonus
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frontalis (Coleoptera: Curculionidae) (Kyre et al. 2019), the congeneric mountain pine
beetle, D. ponderosae (Kyre et al. 2020, Kyre and Rieske 2022), the wood-boring Asian
longhorned beetle, Anoplophora glabripennis (Coleoptera: Cerambycidae) (Rodrigues et
al. 2017a, Dhandapani et al. 2020), and the emerald ash borer (EAB), Agrilus planipennis
Fairmaire (Coleoptera: Buprestidae) (Rodrigues et al. 2017b, Rodrigues et al. 2018,
Pampolini et al. 2020).
EAB is an exotic, highly invasive, phloem-feeding beetle native to Asia. Since its
discovery in North America in 2002, EAB has killed millions of Fraxinus spp. throughout
its invaded range (Cappaert et al. 2005, Poland and McCullough 2006), devastating urban
forests, posing a threat to forest ecosystems, reducing biodiversity, and causing
unprecedented economic losses (Aukema et al. 2011). Fortunately, previous studies
evaluating the susceptibility of EAB to RNAi (Zhao et al. 2015) and the effectiveness of
this technology against this pest (Rodrigues et al. 2017b, Rodrigues et al. 2018, Pampolini
et al. 2020) shows promise, and suggests that RNAi could be a viable option when
implemented as a component of an integrated management strategy for EAB.
To move a biopesticide using RNAi technology toward commercialization, its risk
to the environment and possible adverse effects on non-target organisms must be evaluated
(Haller at al. 2019, Vélez et al. 2016). Given the novel mode of action of dsRNA-based
products, the regulatory requirements for their deployment have been discussed
internationally (US EPA, 2014; Mendelsohn et al. 2020, Romeis and Widmer 2020). The
risk assessment framework currently in use for genetically engineered plants expressing
insecticidal proteins, such as those expressing Cry proteins from Bacillus thuringiensis,
has been suggested as a starting point to evaluate the potential hazards for RNAi products
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(Romeis et al. 2013, Romeis and Widmer 2020). This framework tests the risk hypothesis
that the stressor (dsRNA) does not adversely impact non-target arthropods in the field and
recommends investigating pest-specific dsRNA impacts in species that represent key
functional groups of economic and ecological importance (Romeis et al, 2008, USEPA
2013); this is the approach used here.
My study evaluated surrogate insects, including herbivore, predator, detritivore,
and pollinator, for any effects of the EAB-specific dsRNAs considered for future
deployment. Then I evaluated the effects of the same dsRNAs on classical biological
control agents currently deployed for EAB management in North America. My overall goal
is to generate data that will allow the EAB-specific dsRNAs that silence genes and induce
rapid mortality to move to the deployment stage.

2.3

2.3.1

MATERIALS AND METHODS

Target Genes
Mortality of EAB neonate larvae and adults can be induced after oral ingestion of

dsRNA targeting the genes heat shock 70-kDa protein (hsp), shibire (shi) (Rodrigues et al.
2018), and U1 small nuclear ribonucleoprotein (sn-rnp from hereafter referred as rnp)
(Pampolini and Rieske, unpublished data), so these were selected to evaluate specific EABdsRNA effects in the non-target organisms (Table 2.1). Green fluorescent protein (gfp) was
used as the negative control, and a positive control included a dsRNA specific to the insect
under evaluation (Table 2.1) and/or potassium arsenate (KH2AsO4) (Sigma-Aldrich, St.
Louis, MO USA), a stomach poison (Romeis et al. 2011) selected to confirm effectiveness
of the feeding bioassay.
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2.3.2

Synthesis of dsRNA
Total RNA is extracted using Trizole reagent (ThermoFisher, USA), and the

quantity and quality of the RNA is checked by electrophoresis and spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). cDNA is synthesized from 3 µg of total
RNA using a M-MLV reverse transcriptase kit (ThermoFisher, USA).
PCR templates for in vitro synthesis of dsRNA are generated using gene-specific
primers

containing

T7

polymerase

promoter

sequence

(TAATACGACTCACTATAGGG). PCR conditions are 4 min at 94 °C, followed by 30
cycles of 30 sec at 94 °C, 30 sec at 60 °C, and 45 sec at 72 °C, finishing with an extension
step at 72 °C for 10 min. The PCR template is purified using a PCR purification kit (Qiagen
Inc., Valencia, CA USA). After PCR purification, dsRNA synthesis is performed using the
MEGAscript RNAi Kit (Ambion Inc., Foster City, CA USA) following manufacturer’s
instructions. The reaction is incubated for 14 h at 37 °C, followed by 15 min of DNase
treatment. The dsRNA is precipitated by adding 0.1x volume of sodium acetate (3 M, pH
5.2) and 2.5x the volume of 100% ethanol, which is maintained at −20 °C for at least 2 h
followed by centrifugation at 4 °C for 30 min. The dsRNA pellet is then rinsed with 750
μL of 75% ethanol and centrifuged again at 4 °C for 15 min. The ethanol is removed and
the dsRNA is diluted in ultrapure distilled water. The quality of the dsRNA is checked by
electrophoresis and quantified using a spectrophotometer (NanoDrop Technologies,
Wilmington, DE USA). To attain the required concentration for each assay, dsRNA
samples are vacuum concentrated using Concentrator plus (Eppendorf, Hauppauge, NY,
USA).
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2.3.3

Selected non-target organisms
Non-target organisms were chosen as test species to represent multiple feeding

guilds based on their ecological services or potential of exposure to the EAB-specific
dsRNAs. The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Coleoptera:
Chrysomelidae), is highly sensitive to dsRNAs (Zhu et al. 2011) and has historically
evolved resistance to multiple insecticides (Pélissié et al. 2022) having the potential to also
become insensitive to RNAi technology, and it was selected as our surrogate herbivore; the
spotted lady beetle, Coleomegilla maculata (Coleoptera: Coccinellidae) is native to North
America and functions as a natural enemy for a variety of crop pests, thus it was chosen to
represent the predator guild in this study. The test species representing detritivores was the
eastern subterranean termite, Reticulitermes flavipes (Blattodea: Rhinotermitidae), due to
its important role in nutrient cycling, decomposition, and influences in soil characteristic
in forest ecosystems (Myer and Forschler 2019). My model pollinator was the honeybee,
Apis mellifera (Hymenoptera: Apidae). Finally, the classical biological control agents
routinely deployed for EAB population management, adult Tetrastichus planipennisi
(Hymenoptera: Eulophidae) and Spathius galinae (Hymenoptera: Braconidae), were
evaluated representing the parasitoids guild.

2.3.4

Bioassays and gene expression
Non-target effects were evaluated by oral delivery of EAB-specific dsRNAs

incorporated into diets; insects were fed ad libitum. Each NTO was exposed to three EABspecific dsRNAs targeting the genes hsp, shi, and rnp, the negative control gfp, and a
positive control appropriate for the assay (Table 2.1). All NTOs were exposed to dsRNA
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treatments for three consecutive days, after which they were maintained on the appropriate
species-specific diet until assays were terminated. On day 3, a subsample of dsRNA-treated
NTOs were collected, placed individually into micro tubes and transferred immediately to
−80 °C for later analysis of gene expression using quantitative real time PCR analysis using
the RT-qPCR primer sequences in Table 2.2.
Following total RNA extraction, cDNA was synthesized using M-MLV Reverse
Transcriptase (Life Technologies, Carlsbad, CA, USA), and was used as a template for
gene expression studies. The expression analyses were conducted using SYBR Green PCR
Master Mix containing 1 μl of cDNA, 0.2 μl of each primer (10 mM; Table 2.2), 5 μl of
the SYBR green PCR master mix and 3.6 μl of ddH2O, totaling 10 μl. The StepOnePlus
Real-Time PCR system (Life Technologies, Carlsbad, CA, USA) was used to perform realtime quantitative PCR (RT-qPCR) under the following conditions: one cycle of 2 min at
50 C, one cycle of 2 min at 95 C, 40 cycles of denaturation of 1 s at 95 C, annealing and
extension for 30 s at 60 C, ending with generation of a melting curve to confirm a single
peak and rule out non-specific product and primer dimer formations. Reference genes
(Table 2.2) and the 2-Ct method was used to calculate the relative expression of the
target gene compared to the control (Livak and Schmittgen 2001). A two-tailed t-test was
used to compare the means of a single variable.

2.3.4.1 Herbivore (Colorado potato beetle)
Newly emerged second instar CPB were obtained from a laboratory reared colony
in the UK Department of Entomology. Larvae were evaluated individually in 50 x 15 mm
Petri dishes containing a 12 mm diameter potato leaf disc (Zhu et al. 2011) treated with 1
μL of 0.001% Triton x-100 (Sigma-Aldrich Co., St. Louis, MO USA) to increase
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permeability, followed by 2 µL of the EAB-specific dsRNA, dsGFP as the negative control,
and dsRNA targeting the gene -act for the positive control (Zhu et al. 2011). The dsRNA
concentration was 5 μg/μL, resulting in a daily exposure of 10 μg of dsRNA per day for
three days. The assay was maintained at room temperature (26 C +\–2 C; 10:14 L:D) for
12 days. On day 4 larvae were provided untreated leaf discs daily through day 12, after
which the assay was terminated. Ten beetles per treatment were evaluated and the assay
was repeated three times. Mortality was evaluated at 48 h intervals for the duration of the
12-day assay. A one-way analysis of variance (ANOVA) was used to evaluate differences
in mortality among EAB-specific dsRNAs and the controls.
Following exposure to the EAB-specific dsRNAs, the gene expression analysis
evaluated the relative mRNA levels of the target genes hsp, shi, and rnp, with gfp as the
negative control and -act as the positive control. The ribosomal protein genes rp18 and
rp4 were selected as reference genes to normalize expression of the target genes (Zhu et
al. 2011).

2.3.4.2 Predator (Spotted lady beetle)
Eggs of C. maculata were obtained commercially (Insect Lore, Shafter, CA USA)
and neonate larvae were maintained on a lepidopteran egg diet (Ephestia kuehniella;
Lepidoptera: Pyralidae) (Green Methods, Redding, CA USA) until reaching the second
instar, when they were used in bioassays. Newly emerged second instar larvae were starved
for 24 hours prior to being placed individually into wells of a 96 well, flat bottom plate
(Haller et al. 2019). Each well contained a small (~1.5 mm diameter) cotton ball soaked
with 4 μL of a 15% sucrose solution + EAB-specific dsRNA at a concentration of 2.5
μg/μL, resulting in a daily exposure of 10 μg; dsGFP was our negative control and dsRNA
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targeting the gene vATPase was our positive control (Yang et al. 2015). dsRNA was
replenished daily for three days. On day 4 the larvae were placed individually into 35 mm
Petri dishes and maintained on a diet of E. kuehniella eggs until adult emergence (~20
days). A moistened cotton ball in each Petri dish provided humidity; the cotton balls and
the food were replaced every other day. Mortality was evaluated at 48 h intervals for 20
days after ingestion of dsRNAs. The assay was maintained in a growth chamber at 25 C
+\–2 C, 70 +\− 5% RH, and a 16:8 L:D. A total of 20 individuals were evaluated per
treatment, and there were two biological replicates. A one-way ANOVA was used to
evaluate differences in mortality among dsRNA treatments and controls.
The relative expression of the target gene hsp was compared to that of our gfp
negative control and our vATPase positive control. The shi and rnp gene sequences were
not publicly available at the time of our study, so they were not included in the gene
expression analysis. The 18S ribosomal RNA (rp18S) and the 16S ribosomal RNA (rp16S)
genes were selected as the reference genes (Yang et al. 2015).

2.3.4.3 Detritivore (Eastern subterranean termite)
Termites were obtained from laboratory reared colonies in the UK Department of
Entomology; worker adults were selected for evaluation and were starved for 24 hours
prior to use in assays. Groups of 13-15 termites were placed into 35 mm culture Petri dishes
(Fisher Scientific, Waltham, MA USA) containing a 33 mm diameter filter paper treated
with 20 μL of EAB-specific dsRNA solution at a concentration of 10 μg/cm2 (Zhou et al.
2008); dsGFP served as the negative control and the positive control consisted of potassium
arsenate at 1%. The dsRNA and potassium arsenate solutions were applied to the filter
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paper and allowed to completely dry, after which the paper disks were moistened with an
additional 50 μL of water and 1% blue food dye (Assorted Food Colors, Kroger Co.,
Cincinnati, OH USA) to allow visual tracking of ingestion of the dsRNA in the termites’
intestinal tract. Assays were maintained at 26 C +\− 2 C, and 0:24 L:D for 14 days, and
the filter paper was moistened every other day with 50 μL of water and food dye. Three
groups of 13-15 termites from three different colonies were evaluated per treatment,
representing three biological replicates. A one-way ANOVA was used to evaluate
differences in termite mortality among dsRNA treatments and controls.
Our gene expression analysis assessed relative expression of the target gene hsp
compared to that of the gfp negative control; the genes NADH dehydrogenase (NADHdh)
and -actin (-act) were selected as reference genes (Zhou et al. 2008). Sequences for shi
and rnp were not publicly available when the study was conducted, so they were not
included in the gene expression analysis.

2.3.4.4 Pollinator (European honeybee)
Honeybees were obtained from a research apiary at the UK Department of
Entomology. Hive frames were selected to ensure brood synchrony, and newly emerged
adults were collected immediately from frames in early August for feeding bioassays
(Velez et al. 2016, Tan et al. 2016). Groups of 8-10 bees were placed directly into modified
Petri dishes (150 x 20 mm) containing a microcentrifuge tube with access holes to a 50%
sucrose solution (Figure 2.1), which contained dsRNA at a concentration of 10 μg per bee
for dsHSP, dsSHI, dsRNP, and dsGFP. An additional treatment tested the combination of
dsHSP+dsSHI at a concentration of 1 μg (500 ng of each) per bee. Potassium arsenate (0.05
μg/μL) was used as the positive control (Tan et al. 2016). Bees were offered 1 mL of 50%
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sucrose + dsRNA, and after consumption of the entire solution (~72 h), were maintained
on a 50% sucrose lacking dsRNA. Assay dishes were maintained in a growth chamber at
34 °C +\– 2 C, 75% relative humidity, and 0:24 L:D; honeybee mortality was evaluated
for 30 days until all individuals were dead, and the mortality assessed on day 10 was
compared among treatments. There were 8-9 dishes of 8-10 bees per dish evaluated for
each treatment. Frames from two hives were selected, and bees from both frames were
collected on two different days with a fourteen-day interval, representing four biological
replicates. Honeybee mortality was evaluated using a one-way ANOVA to assess
differences among dsRNA treatments and controls.
After 4 days of exposure to the EAB-specific dsRNAs, the relative mRNA levels
of the target genes hsp, shi, and rnp were evaluated and compared to gfp, using act and
ribosomal protein RP49 (rp49) as reference genes to normalize expression of the target
genes (Lourenco et al. 2008).

2.3.4.5 Classical biological control agents
Laboratory reared T. planipennisi and S. galinae adults were provided by the USDA
APHIS PPQ Emerald Ash Borer Program laboratory (Brighton, MI). Immediately upon
receipt, adult parasitoids were exposed to EAB specific dsRNAs using a droplet feeding
bioassay (Rodrigues et al. 2017b). Droplets consisted of 2 μL of a 5% sucrose solution
containing dsRNA at a concentration of 10 μg/μL, offered on parafilm in a 150 x 15 mm
Petri dish containing a moistened filter paper and covered with an inverted transparent
plastic cup (200 mL). There was one dsRNA-sucrose droplet for every two wasps in each
cup. In groups of 8-10 individuals, adult wasps were exposed to the dsRNA treatments for
three days; after day four they were maintained on a sucrose only solution, lacking dsRNA.
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Droplets were replenished every other day. Potassium arsenate at 0.05 μg/μL was the
positive control and the assay was maintained at room temperature (26 C +\–2 C; 10:14
L:D) for 11 days. The experiment was repeated three times for S. galinae and twice for T.
planipennisi. For T. planipennisi only, a second assay testing a dsRNA concentration of 1
μg/μL was also evaluated and repeated three times. A one-way analysis of variance
(ANOVA) was used to evaluate differences in mortality among EAB-specific dsRNAs and
the controls.
Because gene sequences for the classical biological control parasitoids T.
planipennisi and S. galinae are not publicly available, we were not able to evaluate
parasitoids for gene expression following EAB-specific dsRNA treatments.

2.3.5

In silico analyses
Using publicly available sequences, an in silico analysis was performed to assess

potential effects of the EAB-specific dsRNAs on our selected NTOs. BLAST searches
were done using the NCBI nucleotide BLAST tool (BLASTn) to compare orthologous hsp,
shi, and rnp sequences of EAB and each NTO. Alignments were analyzed to identify exact
21 or greater nucleotide (nt) matches. When coding sequences for a given species or a
given gene were not available, they were replaced by predicted sequences derived from
gene annotation of closely related species (Table 2.3).

2.4
2.4.1

RESULTS AND DISCUSSION
Herbivore (Colorado potato beetle)
Mortality of second instar larvae exposed to EAB-specific dsRNAs was <15% after

12 days and did not differ among treatments and the negative control (p = 0.94), whereas
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mortality in the positive control (dsACT) reached 80% by day 6 and rose to 95% on day 8
(Figure 2.2). The gene expression analysis demonstrated a significant reduction in gene
expression for the positive control, dsACT, as expected, but there was no decrease in the
relative expression of hsp, shi and rnp (Figure 2.3). Further, the in silico analysis
corroborates the findings of my bioassay and gene expression analysis; there were no 21
nucleotide alignments between the EAB sequences and the CPB coding sequences for the
genes hsp, shi, and rnp (Table 1). Together, these results confirm that there are no adverse
effects of EAB dsRNAs on survival of CPB, my test herbivore.

2.4.2

Predator (Spotted lady beetle)
In the 20-day bioassay, mortality of larval C. maculata ranged from 2.5 to 7.5% for

the EAB dsRNA treatments and the negative control, which did not differ (P = 0.37)
(Figure 2.4A). On day 10, ~97% of the insects reached the pupal stage in all EAB dsRNAs
treatments and the negative control, followed by adult emergence of 97.5% for dsHSP,
94.5% for dsSHI, and dsRNP, and 92.5% for dsGFP (Figure 2.4B). Larvae demonstrated
a significant reduction in gene expression after exposure to the positive control, dsvATPase in the gene expression analysis, but there was no decrease in relative expression
of hsp in my model predator after exposure to EAB dsHSP (Figure 2.5). Additionally, the
three EAB gene sequences were queried against spotted lady beetle and no similar
sequences were found in the bioinformatics analysis (Table 2.3). The results indicate that
lady beetle larval survival, development, pupation, and adult emergence were unaffected
by ingestion of EAB dsRNAs.
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Here my data shows that C. maculata second instar larvae are highly susceptible to
orally delivered dsRNAs, whereas previous studies evaluating lady beetle response to
dietary RNAi utilized neonates (Haller et al. 2019) or first instar larvae (Bachman et al.
2013). I found that ingestion of the positive control dsvATPase by second instars triggered
gene silencing and induced significant mortality, but ingestion of the EAB-specific
dsRNAs elicited no response. Collectively, my results confirm that there are no adverse
effects of EAB dsRNAs on survival or gene expression in my surrogate predator.

2.4.3

Detritivore (Eastern subterranean termite)
After 14 days, mortality of worker termites exposed to EAB specific dsRNA was

4.5  11% and did not differ among treatments and the negative control (p = 0.89). After 4
days the positive control (potassium arsenate) exhibited 50% mortality; this increased to
86% and 98% on days 6 and 8, respectively (Figure 2.6).
There was no significant decrease in mRNA levels of the hsp gene after exposure
to the EAB dsRNA in the gene expression analysis (Figure 2.7); and the three EAB gene
sequences were queried against Eastern subterranean termite and no similar sequences
were found in the bioinformatics analysis (Table 2.3).
Termites are sensitive to ingested dsRNA and the RNAi response in termites has
been characterized (Zhou et al. 2008). Although I used potassium arsenate as the positive
control rather than a termite-specific dsRNA, my results demonstrate that the EAB dsRNAs
had no impact on termite survival. This is supported by the in silico analysis, and by the
gene expression study evaluating mRNA levels of the hsp gene.
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2.4.4

Pollinator (European honeybee)
Ten days after ingestion of dsRNAs, there were no differences in adult honeybee

mortality among dsRNA treatments and the negative control; average mortality was 14%
for dsHSP, 23% for dsSHI, and 15% for dsRNP and dsGFP (P = 0.83) (Figure 2.8A). Bees
exposed to the potassium arsenate control experienced 100% mortality within 24 h,
confirming the efficacy of oral delivery. Following evaluation of mortality on day 10, bees
were kept for an additional 20 days when all treatments reached 100% mortality (P = 0.98)
(Figure 2.8B). The results indicate no adverse impact of EAB dsRNAs on honeybee
survival and longevity; however, I did see substantial changes in gene expression.
Honeybees fed 10 μg per individual of dsHSP showed a decrease in the mRNA
levels of hsp (47%), shi (70%) and rnp (75%) when compared to levels in honeybees fed
dsGFP (Figure 2.9A). Honeybees fed 10 μg per individual of dsSHI also showed a decrease
in the relative expression of hsp (38%), shi (75%), and rnp (80%) (Fig 2.9B). The treatment
exposing bees to 10 μg per individual of dsRNP resulted in a decrease in relative expression
of shi (70%), and rnp (80%) (Figure 2.9C), and bees exposed to 1 μg per individual of both
dsHSP+dsSHI also showed a decrease in the relative expression of hsp (36%), shi (76%),
and rnp (75%) (Figure 2.10).
The gene expression analysis demonstrated silencing of genes other than the
targets, even at dsRNA concentrations an order of magnitude lower than previously used
(1 μg per individual of dsHSP+dsSHI). However, these reductions in expression of hsp,
shi, and rnp did not affect honeybee survival. One potential explanation for this is that,
following exposure to a single high concentration of dsRNA, oversaturation of RNAi
machinery may affect the insect immune response, but this oversaturation and the effects
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of silencing genes other than the target is not detectable in acute toxicity bioassays (USEPA
2013, Auer and Frederick 2009). Velez et al. (2016), detected transient gene silencing in
honeybees when comparing mRNA levels 48 h and 96 h after dsRNA exposure. However,
I evaluated gene expression only at a single time point (72 h after exposure), and so are
unable to detect potential transient effects.
Using the NCBI nucleotide BLAST tool (BLASTn), my in silico evaluation
identified continuous matches of > 21 nucleotides for shi and rnp in honeybees when
queried against the honeybee predicted sequences available (Table 2.3). However, the
presence of sequence homologies between the dsRNA and the genome of an organism does
not necessarily indicate sensitivity of that organism (Romeis and Widmer 2020). Pan et al.
(2016) identified six 21nt long matches between dsRNA targeting the vATPase A in D.
virgifera and the springtail Sinella curviseta (Collembola: Entomobryidae), yet the
springtail was not adversely affected in laboratory feeding assays. In my study, silencing
genes other than the target indicates that the RNAi response was not a sequence-specific
event, but a generalized immune response to dsRNA, leading Mendelsohn et al. (2020) to
suggest that the use of bioinformatics may have limited value in assessing off-target effects
due to interspecific variation in RNAi machinery and variability in environmental exposure
across different organisms.

2.4.5

Classical biological control agents
Two concentrations of EAB-specific dsRNAs, 1 μg/μL and 10 μg/μL, were

evaluated for T. planipennisi, and there were no differences in parasite mortality between
the dsRNA concentrations. Wasps exposed to dsRNA at the higher concentration (10

22

μg/μL) experienced 25% mortality for dsHSP, 5% for dsSHI, 9% for dsRNP, and 15% for
dsGFP after 11 days, but there were no differences among dsRNA treatments (Figure
2.11A). Tetrastichus planipennisi exposed to the lower concentration (1 μg/μL)
experienced 7% mortality for dsHSP, 12% for dsSHI, 10% for dsRNP and 16% for dsGFP;
again, there were no differences among treatments (Figure 2.11B). Mortality of S. galinae
exposed to dsRNAs at a concentration of 10 μg/μL was 12% for dsHSP, 14% for dsSHI,
12% for dsRNP and 9% for dsGFP (Figure 2.11C), again with no differences among
treatments. My results suggest that EAB dsRNAs have no impact on the survival of these
classical biological control agents, but because of the lack of genetic sequences for the
biological control species, a full evaluation is not possible.

2.5

SYNTHESIS
Sequence-specific gene silencing can suppress genes that are critical for insect

survival or development, suggesting that dsRNAs can be used to develop pest control
products that trigger the RNAi pathway, selectively targeting the pest species and reducing
the likelihood of adversely affecting NTOs (Bachman et al. 2013). In addition to its
efficacy, application of RNAi technology for insect control has the added advantage of
extreme specificity to the target insect or to closely related species (Whyard et al. 2009).
Characterization of the spectrum of activity for an insecticidal dsRNA should evaluate key
species or guilds representing different ecological functions (Romeis et al. 2008). My study
evaluated the toxicity of dsRNAs targeting the genes hsp, shi and rnp in the emerald ash
borer, a highly destructive, invasive, tree killing pest, on surrogate insects representing the
herbivore, predator, detritivore, and pollinator guilds. In addition, I evaluated dsRNAs
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targeting the same genes for toxicity to the classical biological control agents currently
deployed for EAB population management.
Safety protocols dictate that exposures used for toxicity studies with non-target
arthropods must exceed the maximum amount of dsRNA expected to be available in the
environment (EFSA 2014). Previous studies demonstrated that adult EAB experiences
significant gene silencing and mortality when exposed to ash leaves treated with dsRNA
solution at 70 ng/µl (Pampolini et al. 2020). In the present study, the NTOs were exposed
to EAB dsRNAs in diets at concentrations ~140 times higher than that inducing mortality
in EAB delivered topically on plant foliage. The experimental diets in my study
incorporated dsRNAs at 10 µg/µL (CPB, lady beetle, and classical biological control
agents), 10 µg/cm2 (termites), and 10 ug per individual (honeybees) to evaluate non-target
effects in representatives from six insect families (Chrysomelidae, Coccinellidae,
Rhinotermitidae, Apidae, Eulophidae, Braconidae) in three orders (Coleoptera, Blattodea,
and Hymenoptera), representing five feeding guilds (herbivore, predator, detritivore,
pollinator, parasitoid).
The efficiency of RNAi varies significantly among insect orders, but coleopterans
are highly sensitive to ingested dsRNA (Joga et al. 2016), and my target species, emerald
ash borer, is a coleopteran. Survival of the two additional coleopterans evaluated in this
study were unaffected by ingestion of EAB-specific dsRNAs (Figures 2.2 and 2.4A), and
I found no differences in gene expression. Additionally, there were no sublethal effects on
lady beetle larval development (Figure 2.4B).
Following ingestion of EAB-specific dsRNAs, the gene expression analysis
demonstrated a reduction in expression of the honeybee genes hsp, shi, and rnp, but these
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did not affect adult survival. The observed responses may be attributable to a generalized
immune response to dsRNAs in honeybees. Previous studies evaluating off-target effects
caused by dsRNA in honeybees (Jarosch and Moritz 2012, Nunes et al. 2013) evaluated
the expression of insect-specific genes after exposure to dsRNA targeting the gene gfp,
which has no known honeybee homologue; they observed non-target effects characterized
by the downregulation or upregulation of genes associated with a variety of biological
processes. In general, dsRNAs can be recognized as a viral infection, culminating in the
activation of immune genes, RNAi pathway, siRNA production and consequent off-target
effects (Nunes et al. 2013). Velez et al. (2016) conducted a toxicity assay to identify nontarget effects of dsRNA targeting the Diabrotica virgifera virgifera gene vATPase in
honeybees; our findings are similar to their results, with some effects on gene expression,
but no effects on honeybee survival or longevity.
Importantly, my work demonstrates no negative effects of the EAB-specific
dsRNAs on survival of the classical biological control agents currently deployed for EAB
management in the US. Mortality assays with T. planipennisi and S. galinae showed no
effects on parasitoid survival, regardless of the dsRNA concentration.
Overall, my results suggest no adverse effects of the RNAi strategy targeting EAB
genes on the survival of the selected non-target organisms evaluated. Additional research
characterizing sub-lethal effects of dsRNA on the NTOs, and the persistence and fate of
the molecule in the environment are needed; however, in my preliminary ecotoxicological
study I identified high specificity for the target insect of the dsRNAs developed for EAB
management. These results represent an important step to move this technology forward to
a deployment stage.
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My study provides additional data demonstrating the feasibility of utilizing novel
alternatives for EAB management that are ecofriendly and do not threaten the environment
or beneficial and non-target organisms.
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Table 2.1 Primer sequences for EAB specific genes used to evaluate dsRNAs for nontarget bioassays, and for selected non-target organisms’ specific genes used as the positive
control. All primers contain the promoter sequence of T7 RNA Polymerase that is not
represented in the table.
Insect

Gene
Shibire (shi)

A. planipennis

heat shock protein 70kDa (hsp)
U1 small nuclear
ribonucleoprotein (rnp)

L. decemlineata

-Actin (-act)

C. maculata

Vacuolar ATPase
(V-ATPase)

dsRNA Primer Sequence
F - TGGCACATTTGTATGCCAGT
R - CTTGTTGCATTTGCTGAGGA
F - GTTACGAGCCAGGGTGAAAA
R - CTTTTGAACGGCACGGTTAT
F - CGCAGGGAATTTGAGGTTTA
R - GTTTCCTGTCTCTTGAGCGG
F - GCACGAGGTTTTTCTGTCTAGTG
R - ATGTCATCCCAGTTGGTGATG
F – AGATCTCTTTTCCCATGT
R - AGAGCATCTCGGCCAGAC
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Reference
Rodrigues et
al. 2018
Rodrigues et
al. 2018
Unpublished
data
Zhu et al.
2011
Yang et al.
2015

Table 2.2 Primer sequences used for gene expression analysis (qPCR) in selected NTOs.
NTO
CPB

Gene

-act
shi
hsp
rnp
rp18
rp4

Lady beetle

vATPase
hsp
16s
18s

Termite

hsp

-act
NADH-dh

Honeybee

shi
hsp
rnp
act
rp49

qPCR Primer Sequence
F - GCACGAGGTTTTTCTGTCTAGTG
R - ATGTCATCCCAGTTGGTGATG
F - AACATTTCAGACCCGACGAC
R - AGCCGGAACCTTCTATCGTT
F - GCTCCTGATGGACGAATTGATA
R - CATGTCAGAGGGAGCAACAA
F - CTAGGGAGAGGGACGCTTTT
R - CGCCTTTTGTCTCTTCTTGG
F - TAGAATCCTCAAAGCAGGTGGCGA
R - AGCTGGACCAAAGTGTTTCACTGC
F - AAAGAAACGAGCATTGCCCTTCCG
R - TTGTCGCTGACACTGTAGGGTTGA
F - AGATCTCTTTTCCCATGT
R - AGAGCATCTCGGCCAGAC
F - GCCGATGCGGAGAAGTATAAAG
R - CGGCTTGCTTGAGTTGGAATA
F - TTGAAGGGCCGCAGTATTT
R - AAGAAAGTCGTTCCCTCATCAA
F - AAGACGGACAGAAGCGAAAG
R - GGTTAGAACTAGGGCGGTATCT
F - AGAACCAAGTGGCCATGAAC
R - CCAATGCTTCATGTCTGCC
F - ACACATCGACAGCAAGGATAA
R - GAATGAGTGACCGCTACATACA
F - ACGAAAGGTGCGTAAGGAAG
R - TGCCTAATGACAAGCATACCC
F - AGGAGGAGGAGGAGGAAACA
R - CTCGTCCGTCCATCATTTCT
F - TGAAGGTGAACGTCCAATGA
R - GTGGTATTCCTCGTGGTGCT
F - CGCAGGGAATTTGAGGTTTA
R - GTTTCCTGTCTCTTGAGCGG
F- TGCCAACACTGTCCTTTCTG
R - AGAATTGACCCACCAATCCA
F - GAGGCTATATTGGCGTTGGA
R - CTGCGCGTTCTCTTCTTCTT
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Reference
Zhu et al. 2011
Not applicable
Not applicable
Not applicable
Zhu et al. 2011
Zhu et al. 2011
Yang et al. 2015
Yang et al. 2015
Yang et al. 2015
Yang et al. 2015
Tarver et al. 2010
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable
Lourenco et al. 2008
Lourenco et al. 2008

Table 2.3 Number of ≥21 nucleotide matches of EAB dsRNAs relative to sequences from
selected NTOs.
No. ≥ 21 nt
Non-target
Data available
EAB gene
matches
organism
hsp
herbivore
coding sequence
0
predator
not available
--detritivore
not available
--pollinator
coding sequence
0
shi
herbivore
coding sequence
0
predator
not available
--detritivore
not available
--pollinator
predicted sequence
2
rnp
herbivore
coding sequence
0
predator
not available
--detritivore
not available
--pollinator
predicted sequence
1
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Figure 2.1 Honeybee bioassay chambers, in which 8-10 bees were placed in Petri dishes
containing a microcentrifuge tube with holes allowing access to a 50% sucrose solution
with the dsRNA treatments.

Figure 2.2 Second instar CPB mortality after exposure to 10 µg of EAB-specific dsRNAs
targeting the genes hsp, shi and rnp; 10 µg of dsGFP was used as negative control and 10
µg/µL of dsACT was used as positive control.
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Figure 2.3 Transcript levels of the positive control act, hsp, shi, and rnp genes in second
instar CPB after 3 days feeding on 10 μg of EAB-specific dsRNAs; 10 μg of dsGFP was
used as control. Relative mRNA levels were normalized using rp4 and rp18 as reference
genes. Means ± SE (N = 4-5) with asterisks indicate significant differences (t-test, onetailed p < 0.05).

Figure 2.4 Spotted lady beetle (A) larval mortality after oral ingestion of EAB dsRNAs
(10 µg) targeting the genes hsp, shi and rnp; 10 µg of dsGFP was used as negative control
and 10 µg/µL of dsvATPase was used as positive control, and (B) subsequent adult
emergence from day 12 until day 20.
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Figure 2.5 Transcript levels of the positive control vATPase, and hsp genes in second
instar larvae of spotted lady beetle after 3 days feeding on 10 μg of EAB-specific dsRNAs;
10 μg of dsGFP was used as control. Relative mRNA levels were normalized using 16s
and 18s as reference genes. Means ± SE (N = 4-5) with asterisks indicate significant
differences (t-test, one-tailed p < 0.05).

Figure 2.6 Worker termite mortality after exposure to EAB-specific dsRNAs (10 µg/cm2)
targeting the genes hsp, shi, and rnp. 10 µg/cm2 of dsGFP was used as negative control and
1% potassium arsenate solution was used as positive control.

32

Figure 2.7 Relative expression of hsp gene in worker termites after 3 days feeding on 10
μg/cm2 dsHSP; 10 μg/cm2 of dsGFP was used as control. Relative mRNA levels were
normalized using -act and NADHdh as reference genes.

Figure 2.8 Worker honeybees <24 hours after emergence were exposed to EAB-specific
dsRNAs targeting the genes hsp, shi, and rnp at a concentration of 10 µg per individual;
10 μg per individual of dsGFP was used as negative control and 0.05 µg/µL of potassium
arsenate was used as positive control. Adult mortality (A) after 10 days, and (B) over the
30-day assay.
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Figure 2.9 Relative expression of the genes hsp, shi, and rnp in worker honeybees after 3
days feeding on 10 μg per individual of (A) dsHSP, (B) dsSHI, and (C) dsRNP; 10 μg per
individual of dsGFP was used as control. Relative mRNA levels were normalized using
act and rp49 as reference genes. Means ± SE (N=5) with asterisks indicate significant
differences (t-test, one-tailed p < 0.05).
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Figure 2.10 Transcript levels of hsp, shi, and rnp genes in worker bees after 3 days feeding
on 1 μg per individual of combined dsRNAs (500ng/individual each dsHSP and dsSHI) 10
μg per individual dsGFP was used as control. Relative mRNA levels were normalized using
act and rp49 as reference genes. Means ± SE (N=5) with asterisks indicate significant
differences (t-test, one-tailed p< 0.05).
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Figure 2.11 Mortality of classical biological control agents: T. planipennisi exposed to
dsRNAs at (A) 1 µg/µL (P = 0.66) and (B) 10 µg/µL (P = 0.20); results did not differ
between the two concentrations (two tailed t-test p > 0.05). Mortality of (C) S. galinae
exposed to the EAB dsRNAs at 10 µg/µL (P = 0.91).
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CHAPTER 3. CONFOCAL MICROSCOPY PROVIDES VISUAL EVIDENCE
AND CONFRIMS THE FEASIBILITY OF DSRNA DELIVERY TO EMERALD
ASH BORER THROUGH PLANT TISSUE
Chapter published in Pampolini F, Rodrigues TB, Leelesh RS, Kawashima T, and Rieske
LK. (2020). Confocal microscopy provides visual evidence and confirms the feasibility of
dsRNA delivery to emerald ash borer through plant tissues. Journal of Pest Science. DOI:
doi.org/10.1007/s10340-020-01230-w

3.1

SUMMARY
Double-stranded RNA (dsRNA)-mediated gene silencing, or RNA interference

(RNAi), is an emerging biotechnology that has been a breakthrough tool for crop
protection. Exogenous dsRNA triggers the RNAi pathway, silences genes, disrupts protein
function, and can cause insect mortality. However, effective delivery of the dsRNA is
problematic, particularly in systems with long-lived, endophagous insects that live and feed
within plant tissues, such as the emerald ash borer (EAB), Agrilus planipennis, a treekilling non-native invader that attacks ash, Fraxinus spp. Larvae feed on cambial tissue
causing rapid tree death. EAB is susceptible to RNAi, but we lack a practical means of
delivery. Here we evaluated delivery of dsRNA to green, F. pennsylvanica, and tropical
ash, F. uhdei, through root and/or petiole absorption, and also demonstrated dsRNA
absorption through the EAB egg chorion. We labeled exogenous dsRNA using a
fluorescing label, then used confocal microscopy and RT-qPCR to evaluate its distribution
in plant and insect tissues. Labeled dsRNAs are detectable in root, stem, and leaf tissues
48 h post-application. In excised ash branches, labeled dsRNA is detectable in the inner
bark and in recovered EAB neonates 8 d post-application. Eggs and larvae emerging from
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treated eggs also presented fluorescing dsRNA under confocal imaging. Adult EAB fed
tropical ash leaves treated with in vitro synthesized EAB-specific dsSHI through petiole
absorption experience significant knock down of the shi gene, and significant mortality.
My findings provide a proof of concept that delivery of dsRNAs through topical or
systemic application methods is a feasible means of suppressing EAB, providing hope for
future tree protection.

3.2

INTRODUCTION
The RNA interference (RNAi) pathway is a cellular regulatory mechanism that

limits the expression of target genes, resulting in gene silencing. It is an ancient antiviral
process that appeared before the divergence of plants and animals (Sharp 2001), and has
been described in almost all eukaryotic organisms, including insects (Agrawal et al. 2003).
The pathway is triggered by the introduction of double-stranded RNA (dsRNA), which is
processed by the enzyme Dicer into small interference RNAs (siRNAs). The siRNA is
loaded into a protein complex named RISC (RNA-induced silencing complex) that guides
the siRNA to its complementary messenger RNA (mRNA) sequence. The targeted mRNA
is cleaved, preventing the translation of the gene, thus causing its silencing (Agrawal et al.
2003, Meister and Tuschl 2004). The RNAi mechanism involves silencing specific ≥21
base pair sequences (siRNAs) of target genes in a given species or closely related species
(Bachman et al. 2013). As a pest management strategy, this characteristic makes the
mechanism more specific than conventional pesticides, minimizing the risk to non-target
and beneficial organisms (Baum and Roberts 2014, Bachman et al. 2016). RNAi is
emerging as a next generation pest control strategy and as a tool to manage various
agricultural insect pests and pathogens (Mamta and Rajam 2017).
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Although RNAi efficiency varies among insects, coleopterans are sensitive to
dsRNAs either by feeding or by topical application (Baum et al. 2007, Baum and Roberts
2014, Niu et al. 2019). Beyond agriculture pests, the use of RNAi technology has been
evaluated for wood boring forest pests; Asian longhorned beetle, Anoplophora
glabripennis (Rodrigues et al. 2017a, Dhandapani et al. 2020), southern pine beetle,
Dendroctonus frontalis (Kyre et al. 2019), and emerald ash borer (EAB), Agrilus
planipennis Fairmaire (Coleoptera: Buprestidae) (Rodrigues et al. 2018) have all shown
susceptibility. Previous studies have demonstrated that the RNAi mechanism is functional
in EAB (Zhao et al. 2015). Both larvae and adults are sensitive to ingested and
microinjected dsRNA, and suitable target genes for RNAi in EAB have been identified
(Rodrigues et al. 2017b, Rodrigues et al. 2018). Thus, this technology shows promise as a
potential method for EAB management.
Native to northeastern Asia, EAB is an exotic phloem-feeding beetle that was
accidentally introduced into North America through infested solid wood packing material
(Cappaert et al. 2005, Poland and McCullough 2006). North American ash, Fraxinus spp.,
are highly susceptible to EAB, and since its introduction into North America EAB has
killed millions of ash throughout its invaded range; it is one of the costliest invaders in U.S.
history (Aukema et al. 2011).
Adult EAB oviposit on stems and large branches of ash. Neonate larvae bore
through the outer bark to feed on phloem, excavating serpentine galleries and destroying
the cambial tissue. Larval feeding disrupts translocation of water and nutrients (Haack et
al. 2002), and infested ash die 2-4 years after showing the first signs of infestation (Herms
and McCullough 2014). Management of EAB has been a continual challenge (Aukema et
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al. 2011, Duan et al. 2018, GAO 2006), and development of RNAi technology provides
new hope (Rodrigues et al. 2018).
Beyond demonstrating dsRNA efficacy and specificity are the challenges associated
with delivery. Both plants and insects contain RNases that could impede or prevent
effective delivery of dsRNAs to target sites (Yu et al. 2013); understanding these processes
and overcoming any impediments is key to moving RNAi technology forward. Here I
evaluate dsRNA distribution through plant and insect tissues. Ash plant tissues and insect
tissues were exposed to fluorescently labeled dsRNA, and then confocal laser scanning
microscopy was used to image fluorescence in both plant and insect material (Table 3.1).
I evaluated labeled dsRNA uptake by plant tissue, uptake by EAB neonate larvae hatching
from dsRNA treated eggs, and EAB neonate larvae hatched from eggs attached to dsRNAtreated twigs and feeding on treated twigs. I also measured adult EAB survival and gene
expression after exposing beetles to dsRNA delivered by leaf petiole absorption

3.3
3.3.1

MATERIALS AND METHODS
In vitro synthesis of dsRNA
Total RNA was extracted from neonate EAB larvae using Trizole reagent

(ThermoFisher, USA). The quality and quantity of the RNA was checked by
electrophoresis and spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA).
cDNA was synthesized from 1 µg of total RNA using a M-MLV reverse transcriptase kit
(ThermoFisher, USA).
The PCR templates for in vitro synthesis of dsRNA were generated using gene-

specific primers containing T7 polymerase promoter sequences, PCR conditions were 4
min at 94 °C, followed by 35 cycles of 30 sec at 94 °C, 30 sec at 60 °C, and 45 sec at 72
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°C, finishing with an extension step at 72 °C for 10 min. The PCR template was purified
using a PCR purification kit (Qiagen Inc., Valencia, CA USA). After PCR purification,
dsRNA synthesis was performed using the MEGAscript RNAi Kit (Ambion Inc., Foster
City, CA USA) following the manufacturer’s instructions. The reaction was incubated for
14 h at 37 °C, followed by 15 min of DNase treatment. The dsRNA was precipitated by
adding 0.1x volume of sodium acetate (3 M, pH 5.2) and 2.5x the volume of 100% ethanol;
kept at −20 °C for at least 2 h followed by centrifugation at 4 °C and 14,000 g for 30 min.
The dsRNA pellet was then rinsed with 750 μL of 75% ethanol and centrifuged again at 4
°C for 15 min. The ethanol was removed and the dsRNA was diluted in ultrapure distilled
water. The quality of the dsRNA was checked by electrophoresis and quantified using a
spectrophotometer (NanoDrop Technologies, Wilmington, DE USA). To attain the desired
concentration for each assay, dsRNA samples were vacuum concentrated using
Concentrator plus (Eppendorf, Hauppauge, NY, USA).

3.3.2

Labeling dsRNA
To evaluate dsRNA uptake through plant and insect tissue, dsRNAs were

fluorescently labeled using the Silencer siRNA Cy™3 labeling kit (ThermoFisher, USA)
with minor modifications to the manufacturer’s protocol. dsRNAs were labeled by adding
Cy3 labeling reagent and incubating for 3 h at 37 °C. Labeled dsRNA was precipitated
with 0.1 volume of NaCl 5 M and 2.5 volumes of 100% ethanol followed by incubation at
-20 °C for 30 min. Precipitated labeled dsRNA was recovered by centrifugation at 4 °C
and 14,000 g for 20 min and the pellet was further washed with 70% ethanol. The recovered
pellet was air-dried and re-suspended in nuclease-free saline. The concentration of labeled
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dsRNA was determined using a spectrophotometer (NanoDrop Technologies, Wilmington,
DE USA).

3.3.3

dsRNA absorption by plant tissue

3.3.3.1 Ash seedlings
Green ash, F. pennsylvanica, seedlings ~5 cm in length (N = 2) were immersed in
a 5 mL beaker containing labeled dsSHI (Rodrigues et al. 2017b) (70 µg/mL) in 2 mL
RNase and DNase free water (Table 3.1A), covered with parafilm, and incubated at room
temperature (~21 C) for 48 h to allow capillary action to draw the solution to the top of
the plants. Samples were washed with deionized water and total RNA was extracted from
root, stem and leaf tissue, and cDNA was synthesized from 1 µg of total RNA using a MMLV reverse transcriptase kit (ThermoFisher, USA). The cDNA was subjected to PCR
validation using primers specific to dsRNA (Rodrigues et al. 2017b). PCR cycle conditions
were 4 min at 94 °C, followed by 35 cycles of 30 sec at 94 °C, 30 sec at 60 °C, and 45 sec
at 72 °C, finishing with an extension step at 72 °C for 10 min.

3.3.3.2 Ash branches
Greenhouse grown tropical ash, F. uhdei, were used to evaluate dsRNA uptake
(Table 3.1B). Branches (~1 cm diameter, N = 5) were excised and immediately placed into
5 mL plastic test tubes containing 1mL of a labeled dsGFP solution, covered with parafilm,
and maintained at room temperature (~21 C). The dsRNA concentration was 20 μg/ml
resulting in a final exposure of 20 μg of dsRNA per branch. After the initial 1ml of labeled
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dsGFP was taken up by the plant tissue, 500 µL of water was added to the tubes every other
day.

3.3.4

dsRNA uptake by insect tissue

3.3.4.1 Recovered EAB neonate larvae
Ingestion of dsRNA-treated ash tissue by developing neonate larvae (Table 3.1C)
was evaluated using the same greenhouse grown tropical ash described above. Branches
were artificially infested with laboratory reared EAB eggs (Olson and Rieske 2019) prior
to branch excision. Briefly, pieces of coffee filter (Kroger, Cincinnati OH) with laboratory
reared EAB eggs laid on them were attached to branches, and secured using 1.5 cm wide
strips of parafilm (Bernis NA, Neenah, WI). Additional eggs (N = 5-8) were kept under the
same conditions, but in Petri dishes with moistened filter paper, to help identify the
hatching time. When the eggs in the Petri dish started hatching, the branches were excised
and treated with dsRNA as described above. There were five branches per treatment
(labeled dsGFP and water), each one artificially infested with six EAB eggs. After 8 d the
treated branches were carefully debarked using a sharp knife, and EAB egg hatch, larval
development, and phloem consumption was evaluated (Olson and Rieske 2019); confocal
microscopy was used to evaluate labeled dsRNA uptake.

3.3.4.2 EAB egg chorion
To evaluate the uptake of dsRNA through the egg chorion (Table 3.1D), ~15
laboratory reared EAB eggs were placed in Petri dishes (60 x 9 mm) with moistened filter
paper and soaked with 1μl of labeled dsGFP at a concentration of 1μg/μl. Water was used
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as the negative control. The dsRNA treatment was repeated 3 times over 48 h, during which
the eggs were kept at 23 °C and 75% relative humidity in a growth chamber. After 3 d the
eggs were evaluated under confocal microscopy to assess labeled dsRNA uptake; confocal
microscopy was used to evaluate labeled dsRNA uptake.

3.3.5

Confocal laser scanning microscopy
All tissues were imaged using an Olympus FV1200 confocal laser scanning

microscopy (Center Valley, PA USA). The fluorescence of Cy3 in the tissues was detected
using a 559-nm laser with a band pass filter of 570/100nm. Image-J software was used for
image analysis. Fluorescently-labeled samples and control samples, treated either with
unlabeled dsRNA or water, were imaged simultaneously using the same parameters to
ensure minimal background fluorescence in the negative controls and the positive signals
for direct comparison.

3.3.5.1 Ash seedlings
After 48 h exposure to labeled dsRNA, plants were sectioned into stem (1 mm cross
section), root (simply separated from the aerial part) and leaf (1 x 1 cm square) tissues
using a razor blade and imaged using confocal microscopy under the conditions described
above

3.3.5.2 Ash branches and recovered EAB neonate larvae
After 8 d of exposure to labeled dsRNA, branches were carefully debarked, EAB
neonate larvae were recovered and the branches were sectioned. Bark, ash stems and EAB
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larvae recovered from treated twigs were imaged using the instrumentation and methods
described above.

3.3.5.3 EAB egg chorion and neonate larvae
After 48 h exposure to labeled dsRNA, EAB eggs were imaged using the same
method described above. Similarly, eggs that had been treated with the labeled dsRNA
were allowed to hatch and the neonate larvae were imaged after 48 h.

3.3.6

Adult insect assay
Leaves of greenhouse-grown tropical ash containing 3-5 leaflets were excised with

petioles intact and immersed in 2 mL of water containing 70 µg/mL of EAB-specific dsSHI
for 2 h to allow uptake; dsGFP was used as the control (Table 3.1E). Laboratory-reared
adult EAB (N = 5-10) were then placed on dsRNA-treated leaves and allowed to feed for
10 d (Figure 3.1). Assays were held in ventilated plastic cups (500 ml) and maintained in
a growth chamber at 25 °C and 16:8 L:D. Each treatment was replicated three times and
beetle survival was recorded daily. Mortality (%) was calculated and the mean value of the
experimental replicates were analyzed using a one-way ANOVA, followed by Tukey’s
post hoc t-test. In addition, in a fourth replicate, adult EABs (N = 5-10) were collected at
24 h, 72 h, and 120 h following exposure to dsRNA-treated leaves, and total RNA was
isolated for gene expression analysis.
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3.3.7

Quantitative real time PCR analysis
The levels of transcript expressed by eggs, neonate larvae, and adults after exposure

to dsRNA were measured by quantitative real time PCR (RT-qPCR). Following total RNA
extraction, cDNA was synthesized using M-MLV Reverse Transcriptase (Life
Technologies, Carlsbad, CA, USA) and used as a template for gene expression studies. The
expression analyses were conducted using SYBR Green PCR Master Mix. The PCR
mixture contained 1 μl of cDNA, 0.2 μl of each primer (10 mM), 5 μl of the SYBR green
PCR master mix and 3.6 μl of ddH2O, totaling 10 μl. Real-time quantitative RT-PCR (RTqPCR) was performed using the StepOnePlus Real-Time PCR system (Life Technologies,
Carlsbad, CA, USA) under the following conditions: one cycle of 20 s at 95 C, followed
by 40 cycles of denaturation at 95 C (3 s), annealing and extension for 30 s at 60 C,
ending with generation of a melting curve to confirm a single peak and rule out non-specific
product and primer dimer formations. The reference gene used was tefα (Rajarapu et al.
2012, see Appendix 1), and the 2-Ct method was used to calculate the relative
expression of the target gene compared to the control (Livak and Schmittgen 2001). A twotailed t-test was used for statistical analysis to compare the means of a single variable.

3.4
3.4.1

RESULTS
Uptake of dsRNA into plant tissue

3.4.1.1 Ash seedlings:
Examination of root and stem sections, and the leaf surface, by confocal imaging
revealed the presence of labeled dsRNA in all tissues evaluated, including stem (Figure
3.2A-B), root (Figure 3.2C-D), and leaf tissue (Figure 3.2E), indicating the transport of
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dsRNA through the vascular tissue from its point of initial application. Molecular
validation of dsRNA transport was done by PCR, as described above, after 48 h of
treatment. Total RNA was isolated from sampled plant tissues and amplified using gene
specific oligonucleotides. The RT-PCR of cDNA of the shi gene (Figure 3.3A) from root
(Lane 1), leaf (Lane 2) and stem (Lane 3) tissues following electrophoresis on 1% agarose
gel alongside a DNA ladder (Lane M) indicates that dsRNA introduced exogenously was
amplified in root and stem tissues, but not in leaf tissue. The dsRNA of shi synthesized
from a commercial kit (Figure 3.3B) presents the same amplicon size (483 bp) as that
recovered from plant tissues exposed to dsSHI, confirming its identity.

3.4.1.2 Ash branches
Confocal microscopy of branch sections after 8 d of treatment confirms that labeled
dsRNA distributes throughout branch vascular tissues (Figure 3.4A) and is visible beneath
the inner bark (Figure 3.5A-B), whereas untreated controls (Figures 3.4B and 3.5C)
fluoresce only slightly. Confocal imaging and RT-qPCR demonstrate that the EABspecific dsRNA was transported distally through the plant vascular tissues.

3.4.2

Uptake of dsRNA through egg chorion
Confocal imaging of EAB eggs following dsRNA treatment confirms absorption of

labeled dsRNA through the chorion (Figure 3.6A). A single plane confocal image of the
developing EAB embryo inside the egg showed positive fluorescence, suggesting
absorption in the developing EAB embryo (Figure 3.6B) 48 h after exposure to the labeled
dsGFP, whereas untreated control eggs demonstrate minimal fluorescence (Figure 3.6C).
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3.4.3

Uptake of dsRNA into insect tissue

3.4.3.1 Recovered EAB neonate
EAB neonate larvae were recovered from F. udhei branches exposed to labeled
dsRNA, and confocal imaging of the insect tissue (Figure 3.7A) confirms the uptake of
labeled dsRNA by larvae that fed on treated ash branches exposed to labeled dsRNA.

3.4.3.2 EAB chorion
EAB neonate larvae that emerged from eggs exposed to labeled dsRNA were
evaluated, and the labeled dsRNA was also present within the larvae (Figure 3.7B-C).
Overall confocal imaging confirmed that EAB neonate larvae uptake the dsRNA either by
the exposure of eggs or ash branches to the labeled dsRNA treatments.

3.4.4

Adult insect assays
Adult beetles ingesting ash leaves treated with EAB-specific dsSHI experienced

61% mortality by day 10 (Figure 3.8), which was significantly greater than beetles
ingesting the dsGFP control (~15% mortality). Gene expression studies demonstrated no
change in gene expression 24 h and 72 h after beetles were fed ash seedlings treated with
EAB-specific dsSHI (Figure 3.9A-B), but there was a significant depletion of shi transcript
levels after 120 h (Figure 3.9C).

3.5

DISCUSSION
Manipulation of the RNAi pathway has emerged as a useful tool in functional gene

regulation and has potential to play a significant role in pest management programs
(Burand et al. 2013). However, deployment of dsRNA as a pest management strategy will
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require practical and efficient means of delivery. One of the critical steps in developing a
dsRNA delivery methodology is demonstrating uptake of dsRNAs by plant cells and by
target insect tissues. This study demonstrates the feasibility of dsRNA delivery through
topical application and plant tissue absorption targeting a tree-killing insect pest of global
importance, the emerald ash borer.
Microinjection and droplet feeding for dsRNA delivery to EAB larvae and adults
induces an effective RNAi response (Rodrigues et al. 2017b, Rodrigues et al. 2018), but
lacks practical application. Hunter et al. (2012) first described an initial proof of concept
for dsRNA delivery in plants without transformation, and subsequently, additional nontransgenic methods of delivery have been reported. Topical applications of dsRNAs have
proven effective in some woody plant systems; a hemipteran psyllid and a xylem feeding
leafhopper are able to uptake dsRNAs by feeding on citrus or grapevines treated with
topically applied dsRNAs (Hunter et al. 2012, Andrade and Hunter 2016). Plant-mediated
dsRNA delivery to control brown marmorated stink bug has proven effective (Ghosh et al.
2017), and soil drench, foliar spray, and trunk injections have been used on citrus (Ghosh
et al. 2018).
My study demonstrates that adult EAB fed tropical ash leaves treated with in vitro
synthesized EAB-specific dsSHI through petiole absorption experience significant
knockdown of the shi gene, and significant beetle mortality, supporting the assertion that
the EAB dsRNA was absorbed by the petiole and delivered to insects that fed on these
leaves. Dalakouras et al. (2018) demonstrated that dsRNA delivered by petiole absorption
penetrates and disseminates through the plant tissues. The plant vascular system,
particularly the xylem, is a RNase free environment (Doering-Saad et al. 2002, Taning et
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al. 2016) so any dsRNA accessing this tissue should remain stable and available for target
pest consumption for long periods. The confocal images of green ash stem sections clearly
show deposition of labeled dsRNA in the xylem. Further confocal imaging also confirmed
the presence of labeled dsRNA in the inner bark of tropical ash and in the alimentary canal
of neonate larvae recovered from those treated branches, thus demonstrating the utility of
the plant vascular system for effective dsRNA delivery. There is mounting evidence
suggesting that exogenous dsRNAs remain intact and are not degraded by woody plants.
Dalakoulas et al. (2018) showed that hairpin RNA (hpRNA) and small interfering RNA
(siRNA) are both transported exclusively in woody plant xylem and do not reach the plant
cell cytoplasm, thus remaining unprocessed by the plant RNAi machinery. These studies
support my findings and suggest that in our study, the dsRNA reached the target EAB and
was not degraded by the plant.
Additionally, root absorption of dsRNA was investigated in ash seedlings and PCR
was used to recover dsRNA from roots, stem, and leaves (Figure 3.3). Here the dsRNA
was recovered from roots and stem but not from the leaves. Majidiani et al. (2019)
evaluated uptake of dsRNAs thought root absorption, and even long dsRNA molecules
(430 bp length) could be uptaken and trigger gene silencing in the target insect feeding on
the leaf. Our inability to recover dsRNAs in leaf tissue through PCR is somewhat puzzling;
potential explanations for the lack of detection may be that the concentration of the dsRNA
was too low (70 ng/mL), or that the timing was not optimal. Dalakoulas et al. (2018)
showed an accumulation of hpRNA in leaf tissue over 10 days when delivered via petiole
absorption; they recovered hpRNA in leaf tissue after one day, but then recovered hpRNA
in even higher concentrations after 3 and 10 days, suggesting that it was being concentrated
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in leaf tissue by the plant over time. In my assay I collected samples after only 48 h. A later
sampling interval may have allowed adequate time for the dsRNA to disseminate through
the plant and concentrate in leaf tissue, which then may have been recovered and detected
by the PCR. Further investigations using RNAseq would also clarify whether the dsRNA
is being processed by plant RNAi machinery.
The confocal images of green ash stem sections clearly show deposition of labeled
dsRNA in the xylem. Further confocal imaging also confirmed the presence of labeled
dsRNA in the inner bark of tropical ash and in the alimentary canal of neonate larvae
recovered from those treated branches, thus demonstrating the utility of the plant vascular
system for effective dsRNA delivery.
In insect cells, the RNAi pathway is initiated by cleavage of dsRNA by the RNase
III enzyme Dicer into 21-nucleotide siRNAs which are loaded onto the RISC complex
(Joga et al. 2016). Developing plants that express insect-specific dsRNAs that trigger the
RNAi pathway may be challenging, since the introduced dsRNA may be processed by
dicer-like enzymes (DCLs) into 21-nucleotide siRNAs within the plant that will then be
loaded onto the plant RISC complex, and plant processed siRNAs may be less efficient in
triggering gene silencing then long unprocessed dsRNA molecules. Following dicer
cleavage, dsRNAs greater than 200 nucleotides in length result in many siRNAs that may
contribute to RNAi response in some insect species (Andrade and Hunter 2016). Thus, to
be a suitable strategy to trigger RNAi in insects, dsRNA delivered to plants must remain
unprocessed by plant enzymes. The confocal microscopy images demonstrate deposition
of EAB-specific dsSHI in the xylem of green ash, which is devoid of DCLs, providing
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visual evidence that plant-based delivery is a viable approach for delivering dsRNA
molecules to induce RNAi in EAB.
After confirming delivery of dsRNA by plant tissue, I investigated how dsRNA
might penetrate the egg chorion and be uptaken by EAB embryos following a topical
application. Insect eggs are multilayered and structurally complex, having evolved to
protect developing embryos against biotic and abiotic threats. But insect eggs also present
aeropyles for respiration, micropyles for fertilization, and pillars for oxygen movement in
the inner eggshell; these structures represent potential penetration sites where compounds
can penetrate the chorion and reach the embryo (Campbell et al. 2016). Our confocal
imagery showed the labeled dsRNA within the egg, within the embryo, and also in the
intestinal tract of EAB neonate larvae emerged from treated eggs, suggesting that topical
application may be developed as a viable option for dsRNA delivery targeting EAB eggs.
The RNAi pathway can be successfully induced in EAB using these novel
absorption-mediated delivery methods. However, advancement of these methods poses
challenges that must be addressed to make them practical for field applications. Of primary
importance is production of dsRNAs, which, for research purposes are reliant on
commercial kits. However, the price of in vitro synthesized dsRNA is far too high for
commercial application. Since large scale production of dsRNA is needed, a cost-effective
production method will be required for mass production of dsRNA (Palli 2014). dsRNA
production is under development in many biotech companies, which should bring this
technology to large scale, low-cost, ready to use RNAi products. Additional studies must
also evaluate uptake and transport, accumulation in plant tissues, integrity, and stability of
pest-specific dsRNAs in plant tissues. Carriers for dsRNA delivery have been under intense
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investigation, and nanoparticle-mediated RNAi shows promising results (Das et al. 2015).
Oral delivery of dsRNAs to mosquitoes using polymeric nanoparticles, such as chitosan or
carbon quantum dot, increase the stability and enhance cellular uptake of dsRNAs, thereby
enhancing the efficacy of the RNAi pathway (Das et al. 2015, Zhang et al. 2010). This
approach may be applicable to increase the transport, integrity, and stability of dsRNAs in
the EAB system.
Development of RNAi based bio-pesticides will be accelerated once mass
production of dsRNAs becomes practical, efficient delivery systems are developed, and
application under field conditions becomes feasible (Kola et al. 2015). Here, I demonstrate
that a gene specific dsRNA can be delivered by both petiole absorption and oral feeding to
induce RNAi in adult EAB. My initial results on the use of an RNAi–based non-transgenic
method for controlling EAB are promising.
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Table 3.1 Assays for dsRNA treatment and associated negative controls.
Assay

Treatment

Negative
Control

A. Ash seedlings

labeled dsSHI

unlabeled dsSHI

B. Ash branches and recovered EAB neonate
larvae

labeled dsGFP

water

C. Recovered EAB neonate larvae

labeled dsGFP

water

D. EAB egg chorion and embryonic larvae

labeled dsGFP

water

E. Adult survival and gene expression analysis

unlabeled dsSHI

unlabeled dsGFP
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Figure 3.1 Adult EAB feeding assay with tropical ash leaves submerged in a dsRNA
solution targeting the gene shi; dsGFP is the negative control.
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Figure 3.2 Confocal microscope images of green ash stem, root, and leaf tissue after
exposure to Cy3 labeled dsSHI. (A) Stem cross section showing deposition of Cy3 labeled
dsSHI on the xylem tissues, and (B) the negative control showing minimal
autofluorescence. (C) Green ash root after 48h exposure to labeled dsSHI reveals the
presence of labeled dsRNA, whereas (D) the unlabeled dsSHI negative control does not.
(E) Adaxial leaf surface after 48h exposure to labeled dsSHI reveals the presence of labeled
dsRNA in midrib, veins and the nearby areas. Confocal imaging clearly demonstrates
transport of labeled dsRNA from roots to the plant extremities within 48 h.
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Figure 3.3 RT-PCR products on a 1% agarose gel of (A) cDNA of EAB-specific shi from
green ash root (lane 1), leaf, showing no amplification (lane 2), and stem (lane 3) tissues
adjacent to a DNA ladder (lane M), and (B) dsRNA of EAB-specific shi synthesized from
a commercial kit, which presents the same amplicon size (400-500 bp) as the cDNA
recovered from dsRNA-exposed plant tissues.
A

B

Figure 3.4 Cross section of tropical ash branch exposed to labeled dsGFP (A) shows the
presence of labeled dsRNA, whereas the untreated control branch (B) shows minimal
fluorescence.
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C

Figure 3.5 Branches of tropical ash were (A) debarked to evaluate the presence of labeled
dsRNA on the inner bark. Inner bark of branch exposed to the labeled dsRNA (B) clearly
shows the fluorescing dsRNA in tissues; the tissue that was consumed by feeding EAB
larva lack fluorescence. (C) Inner bark of branch exposed to water (negative control)
showing minimal fluorescence.

B

A

C

Figure 3.6 EAB eggs exposed to labeled Cy3-dsGFP (A) retain the fluorescing dsRNA
solution, which is visible in the developing EAB embryo (B), whereas minimal
fluorescence is evident for the negative control (C). Panel b is a single plane confocal image
that shows a section of the developing EAB embryo inside the egg.
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A

B

C

Figure 3.7 Single plane confocal imaging of larvae recovered from ash branches exposed
to labeled Cy3-dsRNA (A) detects intense fluorescence in the alimentary canal, confirming
the intake of dsRNA. Larvae emerged from eggs exposed to labeled dsRNA (B) also shows
dsRNA in the alimentary canal. Larvae recovered from ash branches exposed to water (C)
do not fluoresce under confocal microscopy.
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Figure 3.8 Adult EAB (n = 5-10) exposed to dsRNA targeting the gene shi experienced
significant mortality 10 d following ingestion of dsSHI relative to water and dsGFP
controls. Means ± SE (N=3) with different letters denote significant differences (ANOVA,
Tukey Method, p < 0.05).
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A

B

C

Figure 3.9 Relative expression of shi in EAB adults after feeding on dsSHI treated leaflets
for (A) 24 h, (B) 72 h, and (C) 120 h compared to those fed control leaflets (dsGFP). Means
± SE (N=3) with asterisks indicate significant differences (t-test, two-tailed p < 0.05)
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CHAPTER 4. FOLIAR APPLICATION AS AN RNAI DELIVERY METHOD FOR
EMERALD ASH BORER: SYSTEMIC DISTRIBUTION, PERSISTENCE,
AND BIOACTIVITY OF PEST-SPECIFIC DSRNA IN THE HOST
Chapter submitted as Pampolini F and Rieske LK. (in review). Foliar application as an
RNAi delivery method for emerald ash borer: Systemic distribution, persistence, and
bioactivity of pest-specific dsRNA in the host plant. Pest Management Science.

4.1

SUMMARY

RNA interference (RNAi) is a cellular mechanism triggered by double-stranded RNA
(dsRNA), in which gene expression is reduced in a sequence-specific manner, allowing
development of pest control strategies with a narrow spectrum of activity. Consequently,
RNA-based biopesticides are emerging as a new technology for insect management.
Effective delivery of the dsRNA is a hurdle, particularly in systems with endophagous
insects that live and feed within plant tissues, such as the emerald ash borer (EAB), Agrilus
planipennis (Coleoptera: Buprestidae), an invasive forest pest that develops and feeds
beneath the bark of ash trees, Fraxinus spp., causing rapid tree death. I evaluated uptake
and bioactivity of dsRNA in green ash (F. pennsylvanica) to investigate the feasibility of
delivery through the host plant. To assess dsRNA persistence and distribution, seedlings
were exposed to EAB-specific dsRNA using foliar spray, followed by sectioning into
different tissue types at selected time-points. RT-PCR and Sanger Sequencing were used
to assess dsRNA recovery for each tissue type and time point. I found persistence of dsRNA
in plant tissues 21 days after treatment. To evaluate bioactivity, neonate EABs were
exposed to treated seedlings and assessed for gene expression and feeding behavior by
measuring the gallery area on the debarked seedlings. Results demonstrate gene silencing

62

and a 24% (p=0.03) reduction in cambial consumption in treated seedlings. This study
provides foundational proof of concept for delivery of RNAi to the target insect through
the host plant, suggesting the feasibility of RNAi functioning as a sustainable approach for
tree protection against EAB.

4.2

INTRODUCTION
Emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera:

Buprestidae), is an invasive pest of forest, shade, and ornamental ash (Fraxinus spp.) that
has caused extensive tree mortality throughout its invaded range in North America (USDA
APHIS 2022). EAB is among the most impactful of North American invaders, with
unprecedented ecological and economic impacts (Herms and McCullough 2014) that
include extensive tree mortality in urban and wildland forests, accompanying losses in
biodiversity and ecosystem services, debilitating costs to municipalities for suppression
programs and tree removal (Aukema et al. 2011, McCullough 2020), and tangible effects
on human health and well-being that include cardiovascular deaths and respiratory disease
(Donovan et al. 2013). The costs associated with the EAB invasion in North America are
estimated at $10B per year (Kovacs et al. 2011).
All North American ash are susceptible to EAB (Liu et al. 2007), though white and
green ash (F. americana and F. pennsylvanica) are highly preferred. In the eastern US, ash
is a significant component of wildland forests (Wharton and Barbour 1973), but is also
prevalent as street, park, and landscape trees. Current management strategies in urban
situations include trunk injection or soil drench of insecticides, removal of infested trees,
and classical biological control (McCullough 2020); municipalities frequently develop
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long-range management plans encompassing all three (Sadof et al. 2017). Despite intensive
management efforts, EAB continues to expand its range in North America and is projected
to colonize wherever ash occur. Clearly, innovative suppression strategies are needed.
An emerging pest control technology that shows tremendous potential for EAB
management is gene silencing through RNA interference (RNAi). RNAi is a naturally
occurring cellular immune response triggered by the introduction of double-stranded RNA
(dsRNA). The RNAi pathway can silence specific genes, disrupt protein function, and can
lead to insect mortality when essential genes are silenced (Huvenne and Smagghe, 2010;
Zhang et al., 2017). By carefully designing dsRNAs targeting specific essential genes,
manipulating the RNAi pathway can be used as a pest management strategy to kill insects.
Since dsRNAs can be translocated through plant vascular systems (Hunter et al. 2012,
Dalakouras et al. 2018), topical applications on leaves or soil for root absorption could be
utilized as delivery options. Systemic spread of topically applied dsRNAs in woody plants
via foliar spray, root drenching, or trunk injections have been demonstrated in citrus trees
and grapevines (Hunter et al. 2012, Ghosh et al. 2018), deciduous white oak, Q. alba,
seedlings (Bragg and Rieske 2022a) and seedlings of the coniferous loblolly pine, P. taeda
(Bragg and Rieske 2022b).
RNAi is emerging as a viable next generation pest control strategy to manage insect
pests in herbaceous agricultural crops (Mamta and Rajam 2017), including the corn
rootworm complex, Diabrotica spp., in corn (Baum et al. 2007), and the Colorado potato
beetle, Leptinotarsa decemlineata, in potatoes (Rodrigues et al. 2021). Beyond its
application in crops, RNAi technology has shown efficacy against the emerald ash borer
(Zhao et al. 2015, Rodrigues et al. 2018), as well as other forest pests such as the southern
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and mountain pine beetles (Dendroctonus frontalis and D. ponderosae) (Kyre et al. 2019,
Kyre et al. 2020, Kyre and Rieske 2022) and the Asian longhorned beetle (Anoplophora
glabripennis) (Rodrigues et al. 2017a, Dhandapani et al. 2020).
RNAi works in EAB; effective target genes that cause rapid and extensive mortality
have been identified (Rodrigues et al. 2018). Investigations into the safety of RNAi for tree
protection have demonstrated its specificity to EAB, with no observable effects on
nontarget organisms (Pampolini and Rieske 2020). Furthermore, proof of concept of
dsRNA movement through the vascular tissue of small ash seedlings (~ 5 cm) and excised
twigs has been demonstrated, as has bioactivity in ash cotyledons (Pampolini et al. 2020).
However, a significant barrier to deployment of RNAi technology against EAB is the
development of a practical and reliable method of dsRNA delivery (Yu et al. 2013, Zhang
et al. 2013).
Here I investigate the efficacy of foliar spray as a dsRNA delivery option for EAB
suppression. Significant mortality of neonate larvae and adult beetles can be induced
following oral ingestion of dsRNA targeting the gene heat shock 70-kDa protein (hsp)
(Rodrigues et al. 2018); thus, it was selected for my study of in planta behavior of dsRNA
to assess the systemic distribution, persistence, and bioactivity of a spray application of
dsRNA in greenhouse grown green ash seedlings.

4.3
4.3.1

MATERIALS AND METHODS
Ash seedlings
Dormant green ash seedlings (~ 70 cm from root tip to terminal bud and ~ 1 cm

root collar diameter (RCD)) were received from the Pennsylvania Department of
Conservation and Natural Resources, Spring Mills, PA and immediately stored in darkness
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at 4 °C. Seedlings were potted in general purpose Promix BX growing medium (Premier
Tech Horticulture, 92 Rivière-du-Loup, QC) in 10.16 x 35.56 cm tall tree pots (Stuewe &
Sons Inc., OR, USA) 40-45 days before use, and maintained in the greenhouse (~18-22 ºC,
15:9 L:D) for the duration of the experiments. To ensure developmental uniformity
between replicates, seedlings were potted in groups of ~30.

4.3.2

Insects
In April 2021, EAB infested green ash trees from Upton, KY (37°26'13.7"N

85°51'53.6"W) were felled and stems were immediately transported to the University of
Kentucky Forest Entomology Lab, Lexington, KY, and stored at 4 °C in constant darkness.
In late May stems were sectioned into 75 cm lengths and placed in rearing bins (55.6 x 62.7
x 81.3 cm) at room temperature (~24 °C, 15:9 L:D) and monitored for emergence of adult
beetles.
Rearing colonies were set up by grouping 5-7 adult beetles into rearing containers
consisting of 1 L plastic cups covered by a plastic mesh screen and a standard white paper
coffee filter (Kroger, Cincinnati OH) placed directly on top and secured by rubber bands
(Lelito et al. 2015). The plastic mesh mimicked the tree bark crevices, and the filter paper
provided a substrate for oviposition. Rearing colonies were checked twice weekly and
provided with new filter paper and fresh tropical ash (F. uhdei) foliage. Eggs were collected
on the filter paper and allowed to develop at room temperature (~24 °C) for two weeks
before use in the bioassay.

66

4.3.3

Selected genes
Due to its efficacy triggering gene silencing in EAB, the gene hsp (Rodrigues et al.

2018) was selected for evaluation of uptake, translocation and distribution, and persistence
of sprayed dsRNA in ash tissues and in the subsequent bioassay. Elongation factor α (ef1α)
(Rivera-Vega et al. 2012) targeting an ash specific gene was chosen as an endogenous
control for dsRNA uptake in ash; green fluorescent protein (gfp) was selected as the
negative control.

4.3.4

dsRNA synthesis
Total RNA was isolated from adult EAB using Trizole reagent (ThermoFisher,

USA), and the quantity and quality were checked by electrophoresis and spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). cDNA was synthesized using M-MLV
reverse transcriptase (ThermoFisher, USA) according to the manufacturer’s instructions.
PCR templates for in vitro synthesis of dsRNA were generated using hsp specific
primers (Rodrigues et al. 2018). PCR conditions were 2 min at 94 °C, 30 cycles of 30 sec
at 94 °C, 30 sec at 60 °C, and 45 sec at 72 °, finishing with an extension step at 72 °C for
10 min. The PCR template was purified using a PCR purification kit (Qiagen Inc.,
Valencia, CA, USA). After PCR purification, dsRNA synthesis was performed using the
MEGAscript RNAi Kit (Ambion Inc., Foster City, CA, USA), following the
manufacturer’s instructions. The quality of the dsRNA was checked by electrophoresis and
quantified using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
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4.3.5

dsRNA exposure
Before dsRNA application, the top three leaves of each seedling were protected

with a plastic bag (26.8 x 27.3 cm) to prevent direct exposure to the dsRNA treatment, and
the remaining leaves and stem were fully sprayed to runoff with 200 µg of EAB dsHSP
diluted in 10 mL of dd H2O or sprayed with water only to serve as a negative control.
Seedlings were randomly assigned to receive either the dsRNA treatment or the water
negative control, as well as to the different sampling time intervals of 3, 7, 14, and 21 days
post-dsRNA application. Seedlings were maintained in the greenhouse (18-22 °C, 15:9
L:D) for the duration of the assay and watered twice weekly or as needed. There were three
seedlings per time interval per replicate for the dsHSP treatment (n = 12 per replication)
and one negative control seedling per time interval (n = 4 total). There were three
replications at approximately 2-week intervals in June and July 2021.

4.3.6

Plant processing and RNA isolation
At the predetermined time interval, seedlings were removed from the growing

medium, rinsed thoroughly, and measured (total seedling length (cm) from root tip to the
apical meristem, and root collar diameter (mm)) (Bragg and Rieske 2022a). Seedlings were
then sectioned into a) root; b) woody stem, representing the previous year’s growth; c) soft
stem, representing the stem tissue grown during the current season; d) treated leaf; and e)
untreated leaf, comprising the leaves covered with the plastic bag and therefore, unsprayed.
Following sectioning, each tissue type was soaked in a 1% bleach solution for 30 s to
remove any remaining dsRNA, profusely rinsed in dd H2O, and processed for RNA
isolation.

68

Using liquid nitrogen and a mortar and pestle, tissues were ground to a fine powder,
and ~200 mg of each tissue type was transferred to a 1.5 mL microcentrifuge tube and
stored at -80 °C until RNA extraction. Following homogenization, total RNA was isolated
using previously published protocol (Bragg and Rieske 2022a) and used for the cDNA
synthesis.

4.3.7

Recovery of exogenously applied dsRNA

4.3.7.1 Reverse transcription-polymerase chain reaction (RT-PCR) and gel
electrophoresis
The presence of the topically applied dsRNA was assessed in each tissue type at
the predetermined time points by RT-PCR. RNA quality and concentration were checked
by spectrophotometer at absorbances of 260/280, to check for the presence of proteins or
phenol contaminants, and 260/230, to check for carbohydrate contaminants; 1000 ng of
RNA was used for cDNA synthesis using a M-MLV reverse transcriptase kit. To increase
the specificity of the reverse transcription, we used a combination of both Oligo(dT) and
EAB-hsp reverse primers. Each cDNA sample served as a template for PCR targeting the
EAB hsp gene, and the ash ef1α gene that served as an endogenous control to confirm the
success of RNA extraction, cDNA synthesis, and PCR amplification. To increase the
sensitivity of the PCR, we used nested primers flanking a 250 bp region inside the original
hsp sequence (468 bp) to build the dsRNA (primer sequences in Table 4.1). PCR conditions
were 2 min at 94 °C followed by 40 cycles of 30 s at 94 °C, 1 min at 50 °C, and 1 min at
68 °C, finishing with an extension step at 68 °C for 5 min. PCR amplification was
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visualized by gel electrophoresis to assess the presence of the target amplicons in the
different tissues and time points.
The dsRNA recovery in each sample was treated as a binary dependent variable,
with successful recovery equal to 1 and unsuccessful recovery equal to 0. A logistic
regression model was used to estimate the factors that influenced successful recovery of
dsRNA in treated tissues. For the logistic regression model, recovery of dsRNA served as
the response variable, the time, RCD, and height were considered as continuous variables
and the replicate and tissue type were treated as categorical.

4.3.7.2 Sanger Sequencing
PCR samples representing different tissue types (root, woody stem, soft stem, leaf
(treated), leaf (untreated)) were chosen randomly and Sanger sequenced. There were 10
PCR samples resulting in 20 readings (10 forward and 10 reverse). Consensus reading was
generated using the online tool Benchling [Biology Software] and Emboss Stretcher
(Madeira et al. 2019) was used to create a pairwise alignment between the resulting
consensus sequence and EAB hsp to assess the similarities between the recovered material
and annotated sequence.

4.3.8

Biological activity of exogenous dsRNA

4.3.8.1 Bioassay
Green ash seedlings (~ 112 cm in length (root tip to apical bud) and 1.12 cm RCD)
were artificially infested with EAB eggs (n = 7/seedling) laid on pieces of paper coffee
filters at 5 cm increments along the length of the stem, and secured using 2.5 cm wide strips
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of parafilm (Olson and Rieske, 2019). Each seedling was then individually sprayed either
with dsRNA targeting hsp, or gfp as a control at a concentration of 500 μg of
dsRNA/seedling diluted in 10 mL of water. Each seedling hosting 7 EAB eggs/neonates
was considered one biological replicate (N = 2) for this assay; which was conducted in
August 2021.
Concurrently, a subsample of EAB eggs were kept in Petri dishes with moistened
filter paper under the same greenhouse conditions; when the eggs in the Petri dish started
hatching it was assumed that the eggs attached to the stems in the bioassay were also
hatching. Neonates were allowed to feed and develop on the treated ash seedlings for seven
days, after which stems were excised and carefully debarked with a scalpel, and the fate of
individual EAB larvae was recorded. All living EAB larvae were collected and evaluated
for gene expression. Larval galleries were measured by wrapping each experimental
seedling in translucent plastic and tracing over the galleries with a black permanent marker.
Gallery tracings were scanned and ImageJ (Rasband NIH, version 1.53q, March 2022)
software was used to calculate the total area of cambial tissue consumed on each seedling
(Olson and Rieske, 2019). A one-tailed t test was used for statistical analysis to compare
the means of a single variable.

4.3.8.2 Gene expression
EAB larvae recovered from treated seedlings were evaluated for gene expression
using quantitative real-time PCR (RT-qPCR). Following total RNA isolation, cDNA was
synthesized from 500 ng of RNA using M-MLV reverse transcriptase (ThermoFisher,
USA) and served as a template for gene expression studies. Gene expression analyses were

71

conducted using SYBR Green PCR Master Mix. The PCR mixture contained 1 μl of cDNA,
0.2 μl of each primer (10 mM) (Table 4.1), 5 μl of the SYBR green PCR master mix, and
3.6 μl of ddH2O, totaling 10 μl. RT-qPCR was performed using the QuantStudio 3 Real
Time PCR System (ThermoFisher Scientific, Waltham, MA) under the following
conditions: one cycle of 20 s at 95 °C, followed by 40 cycles of denaturation at 95 °C (3
s), annealing, and extension for 30 s at 60 °C, ending with generation of a melting curve to
confirm a single peak and rule out nonspecific product and primer dimer formations. The
reference genes used were tef1α and -tub (Rajarapu et al. 2012), and the 2-ΔΔCt method
was used to calculate the relative expression of the target gene compared to controls (Livak
and Schmittgen 2001). A two-tailed t test was used for statistical analysis to compare the
means of a single variable.

4.4
4.4.1

RESULTS
Seedling measurements

Treated seedlings across all replicates (n = 36) had an average root collar diameter (RCD)
of 0.97 cm ± 0.02 (X ± SE) and an average height of 96.38 cm ± 1.61. RCD did not differ
among replicates (F2,33 = 0.88, p = 0.42) nor among time intervals (F3,33 = 0.41, p = 0.74);
similar results were observed in our comparison of height among replicates (F2,33 = 0.92, p
= 0.40) and time intervals (F3,33 = 0.91, p = 0.44).

4.4.2

Recovery of exogenous dsRNA

4.4.2.1 Gel imaging and logistic regression modeling
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Recovery of exogenously applied dsRNA was assessed through end-point PCR and
gel electrophoresis (Figure 4.1), in which the presence of an amplicon corresponding to the
length of the EAB target sequence (250 bp) indicated recovery of the sprayed dsRNA, and
the absence of amplicon indicated the lack of the dsRNA in a given sample. Non-specific
products, when present, were ignored since they did not interfere with the analysis of the
results. Overall exogenous dsRNA was recovered from 98.3% of the samples (Table 4.2).
There was a slight decrease in dsRNA recovery after 14 and 21 days (Figure 4.2A);
however, recovery across time points did not differ statistically (21,180 = 1.69, p = 0.19).
Recovery between tissue types differed across time (Figure 4.2B), but a chi-square test of
independence showed no significant association between recovery and tissue type (24,180
= 5.29, p = 0.20).
Logistic regression modeling showed no association between dsRNA recovery and
the multiple predictors which included time, RCD, height, tissue, and replicate (29, 180 =
11.07 p = 0.27). When assessing each predictor variable individually, none of the
parameters were significant (Table 4.3). Although the odds ratios were < 1.0 indicating a
negative relationship between the predictor and the response, the p-values were nonsignificant in my model.

4.4.2.2 Sanger sequencing
The sequence alignment of our multiple samples resulted in a consensus sequence
of a 233 bp length fragment. Pairwise alignments comparing the consensus sequence of the
amplicons obtained from dsRNA treated seedlings resulted in 99.6% similarity between
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the recovered material and the EAB hsp annotated gene sequence, with one single gap
(0.4%) in the alignment.

4.4.3

dsRNA bioactivity
EAB larvae were recovered from each gallery within the debarked experimental

seedlings, and all larvae recovered were viable. However, gallery area differed
significantly between the dsHSP sprayed seedlings and control group (t(17) = 1.9, p = 0.03),
demonstrating a reduction of ~24% in cambial tissue consumption due to EAB larval
feeding (Figure 4.3A). Additionally, EAB larvae experienced a significant reduction in
gene expression after exposure to the dsHSP sprayed seedlings (Figure 4.3B).

4.5

DISCUSSION
Here I provide evidence that a single application of dsRNA designed to silence

genes and induce mortality has the potential to provide season long protection against EAB.
RNAi induced gene silencing is a powerful tool that is increasingly utilized for crop
protection against pathogens and insects, offering an efficient pest suppression strategy
while minimizing negative environmental and human health concerns (Willow et al. 2022).
The technology has proven effective against numerous forest pests (Rodrigues et al. 2018,
Kyre et al. 2019, Kyre et al. 2020), and has tremendous potential as a tree protection
strategy and for integration into forest management efforts. However, the success of RNAi
technology is reliant on practical and effective delivery of efficacious, pest-specific
dsRNAs. Hunter et al. (2012) first demonstrated exogenous application of dsRNA and
delivery in non-transformed woody plants, and subsequently there has been intense interest
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in non-transformed strategies, including trunk injection (Dalakoulas et al. 2019), root
drench (Hunter et al. 2012, Ghosh et al. 2018), and spray-induced gene silencing (SIGS),
which is touted as an effective delivery method in terms of cost, time, and labor for many
agricultural settings (Hoang et al. 2022). Here I assess SIGS in green ash seedlings; I
evaluate the systemic movement and retention of EAB-specific dsRNA sprayed on leaves
of green ash seedlings, followed by an assessment of bioactivity against EAB larvae. This
builds on previous work providing proof of concept of plant uptake and delivery of
exogenous dsRNA to EAB larvae and adult beetles through excised ash twigs and leaves
(Pampolini et al. 2020). In planta movement is particularly relevant in this system. Adult
EAB feed on ash foliage prior to oviposition in bark crevices and larvae are confined to
cambial tissues; systemic movement allows dsRNAs to reach tissues exploited by both
feeding life stages. To investigate uptake, systemic distribution, and retention of SIGSassociated RNAs in ash seedlings, I evaluated different tissues for the presence of
exogenous dsRNA, including sprayed and unsprayed distal leaf, stem, and root tissues over
a 21-d greenhouse assay. Using semi-quantitative RT-PCR I detected the sprayed dsRNA
in all tissue types and time points after a single foliar application, confirming systemic
movement and long-term persistence from source-to-sink.
The mechanisms for foliar dsRNA uptake and subsequent entry into plant cells is
not fully understood (Hoang et al. 2022). Stomata have been suggested as an entry point
(Kiselev et al. 2021), with two main routes. The first is the symplastic pathway, where
dsRNA molecules permeate the cell wall and plasma membrane, are processed into small
RNAs by the plant’s RNAi machinery and transported via plasmodesmata to adjacent cells,
to the phloem, and finally moving longer distances to other plants parts (Wand and Dean
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2020). A disadvantage of the symplastic path is that plant-processed RNAi may be less
efficient in triggering gene silencing compared to long unprocessed dsRNA molecules
(Andrade and Hunter 2016). In contrast, the apoplastic route suggests that unprocessed
dsRNA remains intact in the apoplast and travels to the vascular tissues for distal
translocation (Dalakoulas et al. 2019, Biedenkopf et al. 2020). The plant vascular system
is a nuclease-free environment (Doering-Saad et al. 2002, Taning et al. 2016), so any
dsRNA accessing this tissue should remain stable and available for target pest consumption
for long periods.
There are studies showing that both routes may occur. Biedenkof et al. (2020) found
that in the cereal Hordeum vulgare symplastic and apoplastic routes occur simultaneously
following spray application. Using RT-qPCR and confocal imaging they detected both
plant-processed siRNAs and unprocessed dsRNAs. In comparison, Dalakouras et al.
(2018) evaluated the systemic movement of exogenous dsRNAs in herbaceous and woody
plants and found that they share similar translocation mechanisms, that differ from H.
vulgare. Their Northern blot and confocal images results showed that hairpin RNA
(hpRNA) is transported exclusively in woody plant xylem; since it is prevented from
reaching the cell cytoplasm, the hpRNA remains unprocessed by plant RNAi machinery.
The RT-PCR and Sanger sequencing results clearly show that unprocessed dsRNA was
recovered from ash tissues, demonstrating that the dsRNA detected using this method
moved systemically through plant tissues and was not degraded. Additionally, the logistic
regression shows no association between ash tissue type, sample time point, and recovery
of dsRNA, implying that dsRNA applied via foliar spray could potentially be recovered
from any tissue type sampled from 3 to 21 days.
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Hunter et al. (2012) and Ghosh et al. (2018) evaluated dsRNA uptake and
distribution in citrus trees following foliar application; using qPCR, a technique with
greater sensitivity than the RT-PCR used here, they detected dsRNA on untreated leaves
from 3-4 hours to 7 weeks after spray application. My results corroborate their findings of
rapid uptake and systemic transport of exogenous dsRNA and the long-lasting effects of
foliar application, indicating its suitability as a delivery method for RNAi technology
targeting EAB.
The results of the insect bioassay targeting the EAB hsp gene show that larvae
exposed to sprayed seedlings experience significant gene knockdown and a 24% reduction
in cambial tissue consumption (Figure 4.3A). These results confirm my assertion that
dsRNA remains stable and bioactive in ash plant tissues, providing further evidence of the
potential of SIGS in protecting ash from EAB. Several studies have demonstrated SIGS
efficacy in crop systems targeting both pathogens (Brosnan et al. 2021, Koch et al. 2016,
Wang et al. 2016) and insects (Hunter et al. 2012, Andrade and Hunter 2016, Biedenkopf
et al. 2020, Rodrigues et al. 2021), confirming the potential of this technology for plant
protection, but this is the first published greenhouse trial demonstrating successful SIGS to
a wood boring insect in a deciduous tree.
I’ve demonstrated that dsRNA technology targeting EAB is efficacious (Rodrigues
et al. 2018, Pampolini et al. 2020), highly specific, and harmonious with existing biocontrol
efforts (Pampolini and Rieske 2020), and here show that the RNAi pathway can be
successfully induced in EAB using SIGS in greenhouse grown seedlings. However,
moving this technology to field scales poses challenges that must be addressed.
Quantification of dsRNA in the various types of ash tissues, optimization of dsRNA
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concentration for field application, and the bioactivity of sprayable dsRNA in adult beetles
are logical next steps. Additionally, a better understanding of plant mechanisms for dsRNA
uptake and systemic transport to distal tissues will be crucial to help determine if the
dsRNA is being processed by plant RNAi machinery and accumulating in the form of
siRNAs, and how it might impact the efficiency of SIGS targeting EAB.
The development of RNAi-based technologies for plant protection has undergone
significant advances over the last decades, with increasing emphasis on delivery
approaches without plant transformation. Production costs are decreasing as biotech
companies improve dsRNA production techniques, leading to marketability of nontransformed products utilizing RNAi technology (Cagliari et al. 2019). I demonstrate that
topically applied dsRNA is internalized and systemically transported to distal plant parts,
remaining stable and available for pest consumption for 21 days; it is delivered to EAB
larvae leading to reduced feeding and gene knockdown. The results demonstrate the
feasibility of a single application of SIGS for providing season-long protection of ash trees
against EAB and confirm the potential of RNAi to be implemented as an additional and
sustainable tool to manage EAB.
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Table 4.1 Primer sequences for dsRNA synthesis and PCR amplification
Amplicon
Gene
Primer Sequence
length
(bp)
EAB-hsp (PCR)
F GTTACGAGCCAGGGTGAAAA
468
R CTTTTGAACGGCACGGTTAT
EAB-hsp (nested PCR) F AAAGTTACCCATGCTGTTGTA
250
R TAGCCACCACCTCAAAGA
EAB-hsp (qPCR)
F GACAAAGGAACGGGAAACAA
97
R TCTCGGCATCCCTTATCATC
F CTCCGTGATATGCTCCAGTG
105
EAB--tub (qPCR)
R TCGTACATATTCAAGCTGGCC
EAB-tef1α (qPCR)
F CATTGAAACCTACGTTGTCGC
130
R ACTGGAGTGCTTAAACCTGG
ash-ef1α
F ACCAGCAAGTCCCAGTTGAGATG 77
R TGAGCCAGGTTCAGCTTCCAATG
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Table 4.2 Recovery of EAB-specific dsHSP in ash seedling tissues 3, 7, 14, and 21 days
post-treatment, showing percentage and total count (incidence of recovery in numerator
and total number of tissue samples in denominator).
All time
Day 3
Day 7
Day 14
Day 21
points
Root
Woody stem
Soft stem
Treated leaf
Untreated leaf
All tissues

100%
100%
100%
100%
100%
100%

(9/9)
(9/9)
(9/9)
(9/9)
(9/9)
(45/45)

100%
100%
100%
100%
100%
100%

(9/9)
(9/9)
(9/9)
(9/9)
(9/9)
(45/45)

77.7%
100%
100%
100%
100%
93.3%

(7/9)
(9/9)
(9/9)
(9/9)
(9/9)
(42/45)

100%
88.8%
100%
100%
100%
95.5%

(9/9)
(8/9)
(9/9)
(9/9)
(9/9)
(43/45)

94.4 (34/36)
97.2% (35/36)
100% (36/36)
100% (36/36)
100% (36/36)
98.3% (177/180)

Table 4.3 Logistic regression model representing the association of each individual
categorical with the response variable, dsRNA recovery.
Confidence
Characteristic
Odds Ratio
p-value
Interval
Time (d)
0.88
(0.68, 1.06)
0.18
RCD (mm)
0.05
(0.00, 4,637)
0.59
Height (cm)
0.97
(0.82, 1.13)
0.69
Tissue
N/A
N/A
0.19
Replicate
N/A
N/A
0.21
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Figure 4.1 Gel demonstrating a) successful amplification of EAB-specific hsp from ash
treated tissue in lanes 1 and 2, b) absence of the specific amplicon in tissues from each
dsRNA in lanes 3 and 4, where it was not recovered, c) amplification of our endogenous
control, the ash gene ef1α in lanes 5 and 6, and d) no amplification of our target gene (hsp)
from the water control seedlings in lanes 7 and 8. Lanes labeled with L represent 100bp
DNA ladder.

81

Figure 4.2 Projected probabilities of dsRNA recovery based on logistic regression models
(A) across time points for the whole model including all predictors, and (B) each tissue
type over time.
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Figure 4.3 (A) Larval gallery area indicating cambial tissue consumption by neonate EAB
larvae on seedlings sprayed with 500 µg of dsRNA targeting the gene hsp. One seedling
sprayed with 500 µg of dsGFP was used as a negative control. Average areas were
measured from six galleries in each of two treated seedlings (0.40 cm2 ± 0.03) and seven
galleries on the control seedling (0.52 cm2 ± 0.05). (B) Transcript levels of the hsp gene in
EAB larvae recovered from sprayed seedlings. Relative mRNA levels were normalized
using tef1α and -tub as reference genes. Means ± SE (n=4) with asterisk indicate
significant differences (t-test, two-tailed p = 0.003)
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CHAPTER 5. SYSTEMIC DISTRIBUTION AND RETENTION IN ASH
SEEDLINGS OF EAB-SPECIFIC DSRNA APPLIED THROUGH ROOTS
5.1

SUMMARY
RNA interference (RNAi) is a sequence-specific gene silencing mechanism triggered

by double-stranded RNA (dsRNA). Exploiting the RNAi mechanism to silence essential
genes in insects has emerged as a promising new pest control strategy, and RNAi-based
products are being developed for plant protection. RNAi has proven effective in silencing
genes and causing mortality in the highly invasive emerald ash borer (EAB) (Agrilus
planipennis) (Coleoptera: Buprestidae); however, a practical delivery method remains a
barrier to its deployment. In this study, I evaluate the movement and retention of
exogenously applied dsRNA in green ash (Fraxinus pennsylvanica) tissues to investigate
the feasibility of dsRNA delivery through the host plant. To evaluate the distribution and
persistence of dsRNA, seedings are exposed to EAB-specific dsRNA as a root soak,
destructively sampled 3, 7, 14, 21, and 30 d after exposure, and sectioned into root, woodystem, soft-stem, and leaf tissues. To assess the recovery of the topically applied dsRNA,
total RNA is extracted from each tissue type at each time point and evaluated by RT-PCR.
Gel images confirmed the presence of exogenously applied dsRNAs in each tissue type
and time interval, demonstrating successful uptake and translocation of dsRNAs through
plant tissues. My finds demonstrate that root application is a viable delivery method for
dsRNA in ash seedlings, supporting the potential of this technology in providing ash
protection against EAB.
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5.2

INTRODUCTION
RNA interference (RNAi) is a natural regulatory mechanism mediated by small

RNAs that direct post-transcriptional gene silencing. Originally, the RNAi pathway is
associated with protection against viral infection, control of epigenetic modifications, or
regulation of genome stability. Beyond its natural function, RNA-induced gene silencing
has emerged as a powerful genetic tool over the past decades. It has been intensively
studied in fundamental research for the assessment of gene function and in various fields
of applied research, such as pathogen and insect pest management in agriculture settings
(Fire et al. 1998, Koch and Kogel 2014).
The gene silencing pathway is triggered by exogenous double-stranded RNAs
(dsRNAs) that are processed by the cellular RNAi machinery and induce silencing of target
genes. The careful design of dsRNAs targeting specific genes in a given species, combined
with the RNAi mode of action, which is based on sequence complementarity, suggests this
technology offers a more specific pest management approach than traditional broadspectrum insecticides (Huvenne and Smagghe, 2010, Bachman et al. 2016).
In addition to extensive investigations of RNAi technology for agricultural crop
protection, RNAi technology has shown efficacy against forest insects pests, including the
southern and mountain pine beetles (Dendroctonus frontalis and D. ponderosae) (Kyre et
al. 2019, Kyre et al. 2020, Kyre and Rieske 2022), the six-spined Ips (Ips calligraphus)
(Wallace and Rieske in review), the Asian longhorned beetle (Anoplophora glabripennis)
(Rodrigues et al. 2017a, Dhandapani et al. 2020), and the emerald ash borer (EAB) (Agrilus
planipennisi) (Zhao et al. 2015, Rodrigues et al. 2018).
EAB is an exotic phloem-feeding beetle that was introduced into North America
through infested solid wood packing material (Cappaert et al. 2005, Poland and
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McCullough 2006). North American ash, Fraxinus spp., are highly susceptible, and since
its introduction, EAB has killed millions of ash trees throughout its invaded range (Aukema
et al. 2011), causing unprecedented economic and ecological impacts (Herms and
McCullough 2014). RNAi technology works in EAB; effective target genes that cause
insect mortality have been identified (Rodrigues et al. 2018), its specificity has been
demonstrated (Pampolini et al. 2020), as has proof of concept for foliar spray in planta
delivery (Pampolini and Rieske in review). However, practical deployment will require
delivery methods beyond foliar spray, and root application approaches are critical to the
success of RNAi technology in providing ash tree protection against EAB.
Initially, RNAi applications were based on the use of plant-incorporated protectants
through transgenic plants. However, advances in non-transformative mechanisms suggest
that foliar application, trunk injection, root application, or seed treatment hold great
potential for efficient, easy, and direct dsRNA application (Adeyinka et al. 2020).
Hunter et al. (2012) first demonstrated plant uptake and the systemic distribution
of in vitro transcribed dsRNA in citrus trees through root drench and trunk injection.
Subsequently numerous studies have demonstrated delivery of dsRNA through topical
application in woody plants, including foliar application (Ghosh et al. 2018), trunk
injection and petiole absorption (Dalakouras et al. 2018), and systemic dsRNA movement
following hydroponic exposure in seedlings of white oak (Bragg and Rieske 2022a) and
loblolly pine (Bragg and Rieske 2022b).
Pampolini and Rieske (in review) show uptake, systemic movement, long-term
retention, and bioactivity of dsRNA following foliar spray application. Here I investigate
in planta behavior of dsRNAs applied hydroponically to ash seedlings, to assess systemic
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distribution and retention, and investigate the feasibility of deploying RNAi technology
using root exposure as a delivery method for tree protection against EAB.

5.3
5.3.1

MATERIAL AND METHODS
Ash Seedlings
Dormant green ash seedlings (~ 70 cm from root tip to terminal bud and ~ 1 cm

root collar diameter (RCD)) were received from the Pennsylvania Department of
Conservation and Natural Resources, Spring Mills, PA and immediately stored in darkness
at 4 °C. Seedlings were potted in general purpose Promix BX growing medium (Premier
Tech Horticulture, 92 Rivière-du-Loup, QC) in 10.16 x 35.56 cm tall tree pots (Stuewe &
Sons Inc., OR, USA) 40-45 days before use, and maintained in the greenhouse (~18-22 ºC,
15:9 L:D) for the duration of the experiments. To ensure developmental uniformity
between replicates, seedlings were potted in groups of ~30.

5.3.2

Selected genes
An EAB-specific dsRNA targeting the gene hsp (Rodrigues et al. 2018) was

selected to evaluate uptake, translocation and distribution, and persistence of topically
applied dsRNA in ash tissues. Elongation factor α (ef1α) (Rivera-Vega et al. 2012)
targeting an ash specific gene was chosen as an endogenous control for dsRNA uptake in
ash.

5.3.3

dsRNA synthesis
Total RNA was isolated from adult EAB using Trizole reagent (ThermoFisher,

USA), and the quantity and quality were checked by electrophoresis and spectrophotometer
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(Nanodrop Technologies, Wilmington, DE, USA). cDNA was synthesized using M-MLV
reverse transcriptase (ThermoFisher, USA) according to the manufacturer’s instructions.
PCR templates for in vitro synthesis of dsRNA were generated using hsp specific
primers (Rodrigues et al. 2018). PCR conditions were 2 min at 94 °C, 30 cycles of 30 sec
at 94 °C, 30 sec at 60 °C, and 45 sec at 72 °, finishing with an extension step at 72 °C for
10 min. The PCR template was purified using a PCR purification kit (Qiagen Inc.,
Valencia, CA, USA). After PCR purification, dsRNA synthesis was performed using the
MEGAscript RNAi Kit (Ambion Inc., Foster City, CA, USA), following the
manufacturer’s instructions. The quality of the dsRNA was checked by electrophoresis and
quantified using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

5.3.4

dsRNA exposure
Seedlings were gently removed from the pots and potting medium, and the root

system was rinsed for 1-2 min with tap water followed by soaking in deionized water (dd
H2O) to ensure removal of any remaining soil. Seedlings were individually placed into
clear glass cylinders (7.5 x 40.5 cm, WGV International, CA, USA) containing either 200
µg of EAB specific dsHSP diluted in 1 L of dd H2O, or water only to serve as the negative
control (Bragg and Rieske 2022a). Seedlings were randomly signed to either receive the
dsRNA or to serve as a negative control, as well as to exposure intervals of 3, 7, 14, 21,
and 30 days. Seedling assay cylinders were topped with aluminum foil to prevent
evaporation and maintained in the greenhouse (18-22 °C, 15:9 L:D) for the duration of the
study. At 7 day intervals dd H2O was added to maintain a total volume of 1 L; after 14 days
the dsRNA solution was replaced by dd H2O There were three seedlings per time interval
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per replicate for the dsHSP treatment (n = 15 per replication) and one negative control
seedling per time interval (n = 5 total). There were three replications at approximately 2week intervals in June and July 2021.

5.3.5

Plant processing and RNA isolation
At the predetermined time intervals, seedlings were removed from assay cylinders,

rinsed thoroughly, and measured (total seedling length (cm)) from root tip to the apical
meristem, and root collar diameter (mm)) (Bragg and Rieske 2022a). Seedlings were then
sectioned into a) root; b) woody stem, representing the previous year’s growth; c) soft stem,
representing the stem tissue grown during the current season; and d) leaf. Following
sectioning, each tissue type was soaked in a 1% bleach solution for 30 s to remove any
remaining dsRNA, profusely rinsed in dd H2O, and processed for RNA isolation.
Using liquid nitrogen, tissues were ground to a fine powder, and ~200 mg of each
tissue type was transferred to a 1.5 mL microcentrifuge tube and stored at -80 °C until RNA
extraction. Following homogenization, total RNA was isolated using published protocols
(Bragg and Rieske 2022a) and used for the cDNA synthesis.

5.3.6

Recovery of exogenously applied dsRNA
The presence of the topically applied dsRNA was assessed in each tissue type and

predetermined time interval by RT-PCR. RNA quality and concentration were checked by
spectrophotometer at absorbances of 260/280 and 260/230, and 1000 ng of RNA was used
for cDNA synthesis using a M-MLV reverse transcriptase kit. To increase the specificity
of the reverse transcription, a combination of both Oligo(dT) and EAB-hsp reverse primers
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were used. Each cDNA sample served as a template for PCR targeting the EAB hsp gene,
and the ash ef1α gene that served as an endogenous control to confirm the success of RNA
extraction, cDNA synthesis, and PCR amplification. To increase the sensitivity of the PCR,
we used nested primers flanking a 250bp region inside the original hsp sequence (468bp)
to build the dsRNA (Table 5.1). PCR conditions were 2 min at 94 °C followed by 40 cycles
of 30 s at 94 °C, 1 min at 50 °C, and 1 min at 68 °C, finishing with an extension step at 68
°C for 5 min. PCR amplification was visualized by gel electrophoresis to assess the
presence of the target amplicons in the different tissues and time points.
The dsRNA recovery in each sample was treated as a binary dependent variable,
with samples equal to 1 representing successful recovery, and equal to 0 representing
unsuccessful recovery. A logistic regression model was used to estimate the factors that
influenced dsRNA recovery in treated tissues. For the logistic regression model, recovery
of dsRNA served as the response variable, time, RCD, and height were considered
continuous variables, and replicate and tissue type were treated as categorical.

5.4
5.4.1

RESULTS
Seedling measurements
The average root collar diameter (RCD) across all replicates (n = 45) was 0.95 cm

± 0.02 (X ± SE), and differed among replicates (F2,42 = 10.32, p = 0.0002), with seedlings
from replicate 3 representing a distinct group with a higher RCD average; however, no
differences on RCD were observed among time intervals within replicates (F4,40 = 0.85, p
= 0.50). The average height was 92.28 ± 2.14; although height did not vary among
replicates (F2,42 = 0.15, p = 0.85), again, differences among time intervals were detected
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(F4,40 = 2.84, p = 0.03), with seedlings sampled at day 21 having lower average height
compared to the other time intervals.

5.4.2

Recovery of exogenous dsRNA
Recovery of exogenously applied dsRNA was assessed through end-point PCR and

gel electrophoresis (Figure 5.1A-B), in which recovery of dsRNA was confirmed by the
presence of an amplicon corresponding to the length of the EAB target sequence (250bp),
and the absence of such amplicon in a given sample indicated lack of the dsRNA. Nonspecific products, when present, were ignored since they did not interfere with the analysis
of the results.
Overall, exogenous dsRNA was recovered from 98.3% of the samples (Table 5.2)
following hydroponic application and recovery across time points did not differ statistically
(Figure 5.2A) (21,180 = 1.15, p = 0.28). Recovery between tissue types differed across time
(Figure 5.2B), but a chi-square test of independence showed no significant association
between recovery and tissue type (23,180 = 4.56, p = 0.20).
Logistic regression modeling showed no association between dsRNA recovery and
the multiple predictors (time, RCD, height, tissue, and replicate) (29, 180 = 11.73 p = 0.16).
When assessing each predictor variable individually, none of the parameters were
significant (Table 5.3). Although the odds ratios were ≤ 1.0, indicating a negative
relationship between the predictor and the response, the p-values were non-significant in
the model.
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5.5

DISCUSSION
RNAi-induced gene silencing is emerging as a next-generation pest management

approach. RNAi-based technologies for plant protection have undergone significant
advances over the last decades, with improvements in delivery without plant
transformation (Cagliari et al. 2019). Here I demonstrate successful uptake, translocation,
and long-term persistence of dsRNA applied exogenously as a root soak in ash seedlings,
demonstrating proof of concept of root application as a viable delivery method for tree
protection against EAB.
The RT-PCR results indicate recovery of the exogenous dsRNA applied
hydroponically to ash seedlings in the different tissues; the gel image (Figure 5.1A)
demonstrates the presence of an amplicon corresponding to the EAB hsp gene (250 bp).
Combined with my inability to amplify such amplicon using the same EAB-specific
primers on the negative control samples (Figure 5.1B), the RT-PRC results demonstrate
confirmation of the presence of exogenous dsRNA using gel visualization. These findings
expand my initial assessment of dsRNA uptake and vascular translocation through excised
ash branches and leaves (Pampolini et al. 2020) and through foliar spray application
(Pampolini and Rieske in review). In my previous study, confocal microscopy was used to
track movement of labeled dsRNA through the cambial tissue of excised ash branches 8
days post-treatment, here I used RT-PCR, a semi-qualitative approach, to detect those
dsRNAs over a 30-day time interval. My results are supported by my similar work
demonstrating systemic movement of dsRNAs applied to ash seedlings using foliar
application (Pampolini and Rieske in review).
Here, I recovered dsRNA in tissues not directly exposed to dsRNA, providing
evidence of plant uptake and systemic movement of RNAi through the ash seedling.
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Overall, I recovered the topically applied dsRNA in ~98% of the samples, and the logistic
regression modeling showed no association between dsRNA recovery and the predictor
variables (time, RCD, height, tissue, and replicate), suggesting that dsRNA could be
recovered from any tissue sample from 3 to 30 days. Bragg and Rieske (2022a) used a
similar methodology to evaluate systemic movement and persistence of dsRNAs in white
oak seedlings following hydroponic exposure. Their results demonstrated systemic
movement and consistent short-term persistence of exogenous dsRNAs over a 7-day study.
Using RT-qPCR, Hunter et al. (2012) demonstrated recovery of root drench applied
dsRNAs in citrus trees through 57 days. Collectively these findings support the occurrence
of long-term persistence of dsRNAs applied as a root soak.
The majority of work on topical application of dsRNA have been conducted in
herbaceous plants (Dalakouras et al. 2018), but there is mounting evidence of the uptake,
systemic movement, and persistence of dsRNAs applied to woody plants through soil/root
drench in grapevines and citrus (Hunter et al. 2012, Ghosh et al. 2018), trunk injection and
petiole absorption in apple (Dalakouras et al. 2018), and root soak in seedlings of white
oak (Bragg and Rieske 2022a) and loblolly pine (Bragg and Rieske 2022b), demonstrating
consistent potential of in planta dsRNA delivery for tree pests.
Dalakouras et al. (2018) evaluated systemic movement of exogenous dsRNAs in
woody plants following petiole absorption and trunk injection; northern blot and confocal
imagery showed that hairpin RNA (hpRNA) is transported exclusively in woody plant
xylem via apoplastic route, this translocation path prevents the hpRNA from reaching the
cell interior and prevents processing by the plant RNAi machinery, thus remaining intact
and available for pest consumption. This corroborates my RT-PCR findings and suggests
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that in my study the recovered dsRNA remained unprocessed by the plant RNAi
machinery.
Besides the long-term persistence, exogenous dsRNA was also detected throughout
host tissues 3 days post application. This relatively rapid dissemination, likely via the plant
vascular system, suggests that intact dsRNAs can reach distal, untreated plant tissues, fairly
rapidly after exposure, potentially offering whole plant protection against target pests
(Bragg and Rieske, 2022a). The quick dsRNA dissemination is particularly relevant for
root application since dsRNA can be rapidly degraded in as little as 35 h under different
soil types and environmental conditions (Dubelman et al. 2014, Joaquim et al. 2019).
Although in my study the first time point evaluated was 3 days post treatment, Bragg and
Rieske (2022a, 2022b) provide evidence of recovery of exogenous dsRNA applied
hydroponically in woody plant tissues in as short as 24 hours. This rapid dissemination
suggests dsRNA is taken up by the plant vascular system and remains intact within plant
tissues, thus protected from environmental degradation. However, further investigations
addressing the environmental fate/degradation of dsRNAs under various soil conditions
are needed to determine the success of soil drench as a delivery method in the EAB system.
Here I demonstrate systemic movement and long-term retention of dsRNAs applied
to ash seedlings as a root soak. Previously I showed delivery of dsRNA via petiole
absorption to adult EABs (Pampolini et al. 2020), and plant uptake, systemic
dissemination, long-term persistence, and bioactivity of dsRNAs following foliar spray
application (Pampolini and Rieske in review). In a related pilot study, I found evidence of
dsRNA systemic dissemination following trunk application (Appendix 2). Collectively
these findings support my assertion of root soak as a potential dsRNA delivery method
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targeting EAB, demonstrating that appropriately timed topical applications are a feasible
means of providing season long protection of ash trees against EAB.
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Table 5.1 Primer sequences for dsRNA synthesis and PCR amplification
Amplicon
Gene
Primer Sequence
length
(bp)
EAB-hsp (PCR)
F GTTACGAGCCAGGGTGAAAA
468
R CTTTTGAACGGCACGGTTAT
EAB-hsp (nested PCR) F AAAGTTACCCATGCTGTTGTA
250
R TAGCCACCACCTCAAAGA
ash-ef1α
F ACCAGCAAGTCCCAGTTGAGATG 77
R TGAGCCAGGTTCAGCTTCCAATG

Table 5.2 Recovery of EAB-specific dsHSP in ash seedling tissues 3, 7, 14, 21, and 30
days following hydroponic exposure, showing percentage and total count (incidence of
recovery in numerator and total number of tissue samples in denominator).

Root
Woody-stem
Soft-stem
Leaf
All tissues

Day 3
100% (9/9)
88.80% (8/9)
100% (9/9)
100% (9/9)
97.2% (35/36)

Day 7
100% (9/9)
100% (9/9)
100% (9/9)
100% (9/9)
100% (36/36)

Day 14
100% (9/9)
100% (9/9)
100% (9/9)
100% (9/9)
100% (36/36)

Day 21
100% (9/9)
100% (9/9)
100% (9/9)
100% (9/9)
100% (36/36)

Day 30
100%
(9/9)
100%
(9/9)
77.7% (7/9)
100%
(9/9)
94.40% (34/35)

All time
points
100%
(45/45)
97.70% (44/45)
95.5% (43/45)
100%
(45/45)
98.30% (177/180)

Table 5.3. Logistic regression model representing the association of each individual
category with the response variable, dsRNA recovery.
Application
Confidence
Characteristic
Odds Ratio
p-value
method
Interval
Time (d)
0.98
(0.88, 1.10)
0.76
Hydroponic
RCD (mm)
0.02
(0.00, 12.9)
0.23
exposure
Height (cm)
1.00
(0.93, 1.15)
0.73
Tissue
N/A
N/A
0.12
Replicate
N/A
N/A
0.053
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M

M

B

Figure 5.1 Gel images demonstrating (A) successful amplification of EAB-specific hsp
from ash treated tissues at different time-points; Lanes labeled with M represents 100bp
DNA marker; and (B) water negative control showing no amplification of our target gene
(hsp) on lanes 1-12, and amplification of the endogenous control gene ef1α on lanes 13-24.
Lanes labeled with L represent 100bp DNA ladder. R=root, WS = woody stem, SS = softstem, L = leaf.
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Figure 5.2 Projected probabilities of dsRNA recovery based on logistic regression models
(A) across time points for the whole model including all predictors, and (B) each tissue
type over time.
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CHAPTER 6. SYNTHESIS
EAB is among the most impactful of North American invaders, with unprecedented
ecological and economic impacts (Herms and McCullough 2014). Traditional pest
management approaches, including chemical insecticides and the release of classical
biological control agents, are unable to keep pace with the EAB invasion. Furthermore,
chemical insecticides are impractical, particularly in wildland forests, due to the prevalence
and extent of affected ash, their negative impacts on non-target and beneficial species, and
the risks associated with environmental contamination. The rise of RNAi technology as a
powerful pest management tool and its demonstrated efficacy in EAB (Rodrigues et al.
2018) brings new hope for EAB management. However, before deploying this technology,
investigations into the specificity and safety to non-target organisms and delivery methods
are needed.
My ecotoxicological assessment (Chapter 2) demonstrates the narrow spectrum of
activity of dsRNAs designed to suppress EAB. EAB-specific dsRNAs were evaluated in
representatives from six insect families (Chrysomelidae, Coccinellidae, Rhinotermitidae,
Apidae, Eulophidae, Braconidae), including five feeding guilds: herbivore, predator,
detritivore, pollinator, and parasitoid; the last represented by the classical biological control
agents currently deployed for EAB management in North America. Bioassays indicate no
lethal effects on model nontarget insects; although the gene expression analyses suggest
potential sublethal effects on the model pollinator, there was no effect on insect survival.
Importantly, my ecotoxicological assessment indicates no negative effects of the EABspecific dsRNAs on the survival of the classical biological control agents, demonstrating
that dsRNA technology targeting EAB is highly specific and harmonious with existing
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biocontrol efforts. The lack of nontarget effects indicates that the use of RNAi for EAB
suppression may be effective against the target while still preserving the ecological
function of other insects.
Besides specificity, practical and efficient delivery is another important aspect of
the deployment of RNAi technology as a viable pest management strategy.
At first, studies investigating RNAi platforms for pathogens and insect suppression
focused on transformative approaches as a delivery option. However, advances in nontransformative mechanisms suggest that foliar application, trunk injection, root soaking, or
seed treatment hold great potential for dsRNA delivery (Adeyinka et al. 2020). In Chapters
3, 4, and 5, I provided evidence that the topical application of dsRNA is a feasible means
to confer ash tree protection against EAB.
Initially, I present a proof of concept of plant uptake and delivery of exogenous
dsRNAs (Chapter 3). Labeled dsRNA and confocal imaging were used to provide visual
evidence of plant uptake and systemic movement of dsRNA. In small ash seedlings (~5
cm) exposed to dsRNA via root soak, labeled dsRNA was detected in root, stem, and leaf
tissues. Labeled dsRNA was also detected in cross-section images of excised ash branches
and in the inner bark. In insect tissues, labeled dsRNA was present in EAB larvae
developing in treated excised branches, and a bioassay demonstrates delivery of dsRNA to
adult EABs through petiole absorption. My findings provided foundational evidence of in
planta movement of exogenously applied dsRNAs in ash seedlings and allowed me to
further investigate practical delivery methods for EAB.
Expanding these findings, I evaluated foliar spray (Chapter 4) and root drench
(Chapter 5) as delivery options for EAB and demonstrated plant uptake, systemic
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distribution, and long-term retention of topically applied dsRNA. Seedlings were
destructively sampled and investigated for the presence of EAB-specific dsRNA in root,
woody stem, soft stem, and leaf tissues. My RT-PCR results confirmed the recovery of
exogenous dsRNA in all tissue types and time points evaluated. Foliar spray was used to
assess dsRNA bioactivity; my results confirm the delivery of dsRNA to EAB larvae
feeding on cambial tissue, resulting in larval-reduced feeding and silencing of the target
gene. My findings demonstrated the feasibility of a single application of root soak or spray
application for providing season-long protection of ash trees against EAB and confirmed
the potential of RNAi to be implemented as an additional and sustainable tool to manage
EAB. My results on delivery methods can be further explored to elucidate delivery options
on other woody plant systems.
As this technology moves from the lab to the field, further assessment on the
environmental fate and stability of dsRNA under field conditions, and field trials are
needed. Another aspect to be investigated in the EAB system is the application of RNAi
technology at landscape levels in wildland forests. Ongoing studies are investigating the
feasibility of genetic transformation of ash embryogenic cultures to express EAB-specific
dsRNAs (Tull et al. 2022). Transgenic ash trees resistant to EAB have tremendous potential
for application in wildland forests. Combined with my findings on topical delivery, these
approaches can help us to develop more resilient trees for tomorrow’s forests.
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APPENDICES

APPENDIX 1. STABILITY OF THE REFERENCE GENE
Four candidate genes were selected as candidate reference genes (actin-ACT; beta tubulinβ-TUB; glyceraldehyde-3-phosphate dehydrogenase, GAPDH; elongation factor 1α, TEF1α). Gene expression was analyzed in larvae exposed to dsRNA/RNAi response. For RNAi
experiments larvae were fed with three separate dsRNA treatments (dsHSP, dsSHI and
dsGFP). An online tool, RefFinder which integrated all four software algorithms, GeNorm,
NormFinder, BestKeeper and the delta Ct method was used to evaluate reference gene
stability from the experimental data.
Table 1: Ranking of the candidate reference genes from dsRNA treated larvae
according to value given by RefFinder. M: gene expression stability, R: Ranking, SV:
stability value, SD: standard deviation, GM: geomean value
Gene

GeNorm

NormFinder

BestKeeper

Delta-Ct

Comprehensive

M

R

SV

R

SD

R

SD

R

GM

R

TEF

0.2

1

0.01

1

0.074

1

0.88

1

1

1

GAPDH

0.2

1

0.19

2

0.10

2

0.98

2

1.66

2

TUB

0.39

2

0.54

3

0.35

3

0.98

2

2.71

3

ACT

1.22

3

2.03

4

1.58

4

2.05

3

4

4
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Figure 1 Ranking of the candidate reference genes from dsRNA treated larvae according
to value given by comprehensive gene stability (A), GeNorm (B), BestKeeper (C),
NormFinder (D) and delta Ct (E).

Figure 2 Cq values for 4 candidate reference genes in dsRNA exposure experiment
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Table 2 Candidate reference genes and corresponding primer sequences. R2: correlation
coefficients; Eff: Amplification efficiency
Gene
Name
TEF
GAPDH
TUB
ACT

Sequence 5’-3’
F- CATTGAAACCTACGTTGTCGC
R- ACTGGAGTGCTTAAACCTGG
F-GTCACGCCATAATTTACCAGAAG
R- AGTTTGGTATCGTTGAGGGTC
F- CTCCGTGATATGCTCCAGTG
R- TCGTACATATTCAAGCTGGCC
F- CTTTGCCCCATGCTATACTC
R- TCCCTCACGATTTCCCTT
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Product
Size

R2

Eff %

130

0.99

106

95

0.99

98.6

105

0.99

110

124

0.99
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APPENDIX 2. TRUNK APPLICATION OF DSRNAS
Seedlings had a 35cm section of the stem delimited to receive the dsRNA treatment. Using
a pint-brush, dsRNA solution (200µg of EAB-specific dsHSP diluted in 400µL of ddH2O)
was applied to the delimited stem section; 3, 7, 14, 21, and 30 days post-treatment seedlings
(n = 3 per time interval) were destructively sampled and evaluated for the presence of
exogenous dsRNA using RT-PCR technique. Tissues evaluated include treated stem (TS),
untreated stem (US), and leaf (L).

Figure 1. Gel images of RT-PCR results showing the recovery of EAB specific dsRNAs
3, 7, 14, 21, and 30 d post trunk application. TS = treated stem, US = untreated stem, L leaf
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